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 Even in chaos, there is a pinch of order. This research compiles the research collaborations investi-
gating deposits from siliciclastic submarine failures—also known as mass transport complexes (MTCs) or 
deposits (MTDs)—using multi-scale methodologies and datasets including outcrops, cores, and seismic 
data. Although these deposits are chaotic by nature, detailed outcrop studies reveal a scale-independent 
degree of order. It is now widely recognized that such deposits are ubiquitous stratigraphic components in 
ancient and modern deepwater basins. Nevertheless, when compared to other deposits (e.g., turbidites), 
submarine failure deposits are still understudied. This dissertation addresses this gap by establishing a 
depositional model for outcrops of submarine failure deposits by using well-established sedimentology 
methodologies and further their systematic characterization in the world-class outcrops of the Taranaki 
Basin, New Zealand lo. Besides the sedimentologic amusement innate to these deposits, understanding 
the nature of such deposits carries societal and economic implications. This dissertation also includes the 
results of my participation as shipboard sedimentologist in the IODP Expedition 372, that investigated a 
submarine landslide located offshore Gisborne, New Zealand. This landslide is potentially linked to gas 
hydrate dissociation. This dissertation characterizes the physical properties of the strain-weakening layer 
in this landslide using physical and microscopic methodologies Finally, this dissertation addresses an out-
standing challenge faced by exploration companies as deepwater frontiers expand—predicting the sealing 
quality of submarine failure deposits in hydrocarbon accumulations. A novel methodology is proposed, 
which has been already applied by several companies with positive feedback. The refinement of the pro-
posed methodology poses questions for future research that will enhance the understanding and prediction 
of how submarine failure deposits interact with fluid in the subsurface.  
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likely entrained from the substratum. (C) Close-up of the bsz in the toe. Note that the bsz has 
become a zone of deformation encompassing the overriding mass flow and the upper part of 
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Figure 3.1 A) Multibeam bathymetry map of the study area showing two main lobes in the Tuaheni 
landslide complex (TLC) and its deformation features, including headscarps, hummocky 
morphology, and shear lines, etc. The blue and transparent polygons indicate zones of 
extension and compression, respectively. Location of the Site U1517 logged and cored during 
IODP Expedition 372 is on the map at a water depth of 720 m. White contours represent water 
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1.1 Research Motivation  
The overarching motivation of this research is to investigate the sedimentologic nature of subma-
rine failure deposits of siliciclastic-dominated margins. Submarine failure deposits include deposits de-
rived from gravity-driven flows such as debris flows, slumps, or slides (Talling et al., 2012). These depos-
its are also commonly known as mass transport deposits (MTDs) or complexes (MTCs) among the energy 
industry, and both are here referred to as submarine failure deposits. These deposits are the result of sedi-
ment remobilization under the sole influence of gravity (i.e., no tectonic deformation during deposition) 
and were first documented in outcrops by Jones (1939). Submarine failures or sediment remobilization 
can be triggered by a single or combination of mechanism(s) (e.g. earthquakes, volcanic eruptions, mete-
orite impacts, storms) and results in a spectrum of chaotic deposits exhibiting different degrees of defor-
mation (Figure 1.1). Moreover, numerous factors can precondition submarine slopes for failure onset 
(e.g., overpressure, gas hydrate, high sedimentation rates, ocean currents).  
Thanks to pioneering work (Middleton and Hampton, 1973; Prior and Coleman, 1978, 1981; 
Nardin et al., 1979; Hampton et al., 1996; Mulder and Cochonat, 1996) and to three-dimensional (3-D) 
seismic data (Posamentier and Kolla, 2003; Frey Martinez et al., 2005; Gee et al., 2006a; Moscardelli et 
al., 2006; Moscardelli and Wood, 2008; Bull et al., 2009; Shipp et al., 2011), the significance and ubiq-
uity of submarine failure deposits have been widely recognized in the modern and ancient deposits of 
deepwater basins worldwide; in some basins more than 50% of the stratigraphic record can be composed 
of submarine failure deposits (McGilvery and Cook, 2003; Canals et al., 2004; Newton et al., 2004; 
Weimer and Slatt, 2004; Posamentier and Martinsen, 2011). While submarine failure deposits are volu-
metrically important in the rock record, they have not yet received the same attention when compared to 
research output dealing with deposits in deltas or submarine fans (Figure 1.2).  
Although the ever-improving resolution of seismic data has significantly enhanced the spatial 
recognition and mapping of such deposits in the last two decades, a gap still exists when trying to extract
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Figure 1.1 Examples of deposits from submarine failures showing the range in degree and scale of deformation.    
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the sedimentologic nature of these deposits from seismic data alone. Often the description of these 
deposits based on seismic data rarely exceed chaotic reflections with poor continuity to discontinuous and 
variable amplitude seismic facies. Hence, a need for more outcrop-based and deposit-based (e.g., core 
sampling) studies of submarine failure deposits was recognized by the geoscience community in order to 
bridge this scale gap. This new paradigm resulted in a surge of outcrop studies compiled in several special 
volumes in the last decade (Mosher et al., 2010; Shipp et al., 2011; Lamarche et al., 2016; Ogata et al., 
2019).  
Besides studying the deposits from submarine failures for merely scientific sake, improving the 
sedimentologic characterization of these deposits carries societal as well as economic implications. Cata-
strophic events such as the tsunami generated by the submarine landslide in association with the flank col-
lapse of the Anak Krakatau volcano in Indonesia (Williams et al., 2019) motivates interdisciplinary col-
laborations to advance tsunamigenic landslide models and prediction of submarine failures (ten Brink et 
al., 2014; Engel et al., 2016; Barnes et al., 2019; Costa and Andrade, 2020). Scientific interest in the inter-
action between gas hydrate and submarine landslides as well as the role of weak layer(s) in the initiation 
and/or reactivation of submarine failures have grown in recent years (Dillon et al., 1993; Locat et al., 
2014; Barnes, 2017). Outcrop-based or deposit-based studies characterizing the sedimentology of these 
deposits are important for the ground-truthing and calibration of models of submarine landslides (Harbitz 
et al., 2014; Mollison et al., 2020). This research advances the sedimentological characterization of out-
crops deposited by gravity-driven flows (i.e., submarine failure deposits) and identifies a systematic order 
within the chaotic facies distinctive of these deposits (Chapter 2). We also explore the weak layer of a 








Figure 1.2 Schematic figure with planform dimensions of representative deltas (orange), submarine fans 
(yellow), and submarine failure deposits (gray) at a similar scale. The black and red arrow indicate the 
dominant sediment input direction for fans and failure deposits, respectively. Results from Google Scholar 
search for sedimentology of deltas, submarine fan, and submarine landslide, respectively, are plotted in a 
pie chart. The results were based on a ~0.07 sec search. Deposits from submarine failures are under-studied 
when compared to other present-day and ancient deposits.  Data for outlines of depositional elements were 
compiled from different sources (Galloway and Hobday, 1996; Collot et al., 2001; Stephen et al., 2003; 
Gee, Uy, et al., 2007; Hjelstuen et al., 2007; Silva et al., 2010; Jackson, 2011; Deptuck and Campbell, 2012; 
Yang et al., 2013; Omeru, 2014; Armandita et al., 2015; Ortiz-Karpf et al., 2018; Omeru and Cartwright, 
2019; Pickering et al., 2020).  
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In terms of economic implications, the energy industry has recently recognized the different roles 
submarine failure deposits can play in the hydrocarbon systems in deepwater basins. Under the right con-
ditions, these deposits can act as source, reservoir, or seal elements in hydrocarbon provinces. The Sedi-
mentary Analogs Database research consortium (SAnD), led by Dr. Lesli Wood, was approached by sev-
eral exploration companies to investigate the role of MTDs as hydrocarbon seals. SAnD funding allowed 
me to extend my research on this problem during my dissertation and precursor ideas were documented in 
Cardona et al. (2016). Furthermore, this dissertation advances the characterization of MTDs as seals from 
a sedimentologic standpoint, synthesizes relevant research outputs from former SAnD researchers, and 
proposes a novel multi-scale methodology to assess the sealing quality of submarine failure deposits in 
exploration (Chapter 4). Additionally, these results have broader applications for the assessment of the 
sealing quality of deposits for carbon capture and storage projects.  
1.2 Synthesis of Dissertation Chapters  
The key outputs of this dissertation are presented in three standalone manuscripts in chapters 2, 3, 
and 4. Each chapter addresses a topic relevant to submarine failure deposits at different scale(s) of investi-
gation and integrates different datasets from outcrop, core, petrophysical, and seismic data. These chap-
ters are the result of interdisciplinary collaboration with numerous geoscientists worldwide during my 
PhD research —including collaboration with each committee member.  
Chapter 2 “Characterization of the Rapanui mass-transport deposit and the basal shear zone: 
Mount Messenger Formation, Taranaki Basin, New Zealand” is based on detailed outcrop work and es-
tablishes the fundamental terminology for deposits of submarine failures for the subsequent chapters. This 
chapter advances the understanding of spatial changes in the deformation facies of MTDs from proximal 
to distal along dip-direction. This manuscript has been peer-reviewed and published in the journal Sedi-
mentology (Cardona et al., 2020). The key conclusions from this chapter are:  
• A formal definition for MTDs and MTCs is established based on dimensions.  
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• Identification of the three strain-dominated ‘morphodomains’ (i.e., headwall, transla-
tional, and toe) and systematic deformation sedimentary structures in MTDs at the out-
crop scale.  
• Definition of the basal shear zone (bsz) of MTDs and implications for identifying flow 
transformations.  
• Challenges the widespread use among sedimentologists to invoke high sedimentation 
rates as a trigger mechanism for submarine failures.  
Chapter 3 “Physical properties and microscopic fabric of weak layers in submarine landslides: an 
example from a reactivated submarine landslide, IODP Expedition 372, New Zealand” is the preliminary 
result of my participation as shipboard sedimentologist in the International Ocean Discovery Program 
(IODP) Expedition 372 Creeping Gas Hydrate Slides in 2018. One goal of the expedition was to test the 
hypothesis in which gas hydrate was linked to the creeping behavior recognized in the Tuaheni Landslide 
Complex (TLC) (Mountjoy et al., 2009; Barnes et al., 2019; Carey et al., 2019). The TLC is believed to 
be creeping rather than the result of a single catastrophic event (Mountjoy et al., 2014; Pecher et al., 
2018). My research goal in the expedition was to identify deformation structures in core samples and thin 
sections diagnostic of creep-like failure. Moreover, we recognized a weak layer in this submarine land-
slide that is not the result of compositional changes (e.g., Miramontes et al., 2018). This chapter has been 
revised and edited by the co-authors and will be submitted to an appropriate peer-reviewed journal. The 
key conclusions from this chapter are:  
• Deformation structures identified in the cores from the TLC are subtle and deformation is 
predominantly accommodated in a c.4 m thick zone with low shear strength. 
• The identified weak layer is not associated with compositional or diagenetic changes with 
depth and is interpreted to be the result of the reorganization of the clay matrix (i.e., mi-
crofabric) forming “clay bridges” due to shear strain (e.g., creep). 
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• Challenges the original interpretation of the TLC and proposes that the TLC is comprised 
of at least two submarine failure deposits separated by a weak layer.  
Chapter 4 “Assessing the sealing quality of submarine mass transport complexes and deposits” 
synthesizes more than a decade of wealth of research by the coauthors investigating the interaction be-
tween fluids and submarine failure deposits in the subsurface at different scales. This manuscript provides 
applied concepts for assessing the sealing quality of submarine failure deposits and targets the exploration 
industry audience— though some of these concepts are also relevant for shallow fluid phenomena and 
carbon capture storage. In this chapter, we propose a novel multi-scale methodology to assess the sealing 
quality of MTDs and MTCs with a focus on exploration of siliciclastic deepwater basins. Though this 
methodology is far from being perfect, it is the first documented attempt, from a sedimentologic stand-
point, to characterize intrinsic features of submarine failure deposits that directly impact their ability to 
act as seals for hydrocarbon accumulations as well as to link micro- to macro-scale characteristics. Alt-
hough seal failure is the most common well failure mechanism in exploration (Hall et al., 1997; Rayeva et 
al., 2014; Rudolph and Goulding, 2017; Baur et al., 2018), academic and industry research focus dispro-
portionately on reservoir studies (Baur et al., 2018). This manuscript addresses this “myopia” of research 
on seals from a sedimentological perspective and presents the most up-to-date compilation of global data 
on hydrocarbon fields reported to have a submarine failure deposit acting as seal. The proposed methodol-
ogy has already been applied by member companies of the SAnD consortium with positive feedback, and 
it was presented as a workshop to the exploration team at BHP in Houston, 2018. The manuscript will be 
submitted to the American Association of Petroleum Geologist (AAPG) Bulletin. The key conclusions of 
this chapter are:  
• The produced and discovered volumes from hydrocarbons fields with submarine failure 
deposits as seals pose a paradigm shift in exploration on the ability of these deposits to be 
effective seals. In fact, the shear strain experienced during the emplacement of submarine 
failure deposits can enhance their sealing capacity under certain conditions. 
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• There is not a “silver bullet” approach to predict the sealing quality of submarine failure 
deposits and the integration of multi-scale data is paramount to decreasing the uncertainty 
in their sealing quality. Moreover, the high degree of heterogeneity exhibited by these 
deposits begs for a case-by-case approach to assess their sealing quality. 
• We propose a semi-quantitative, micro-to-macro-scale methodology, from macro to mi-
cro scale, to assess the sealing quality of submarine failure deposits.  
• Identifying the type of submarine failure deposit (i.e., attached or detached) and presence 
of rafted megablocks serve as a rapid screening approach to consider potential seal fail-
ures. Shelf-attached submarine failure deposits and the abundance of rafted megablocks 
are associated with poor sealing quality.  
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CHARACTERIZATION OF THE RAPANUI MASS-TRANSPORT DEPOSIT AND THE BASAL 
SHEAR ZONE: MOUNT MESSENGER FORMATION, TARANAKI BASIN, NEW ZEALAND. 
 
Abstract 
Submarine mass-transport deposits (MTDs) are important in many ancient and modern basins. 
MTDs can play a significant role in exploration as reservoir, seal or source units. Although seismic data 
has advanced the knowledge about these deposits, more outcrop studies are needed to better understand 
gravity mass flows and predict the properties of their resultant deposits. It is proposed that sufficiently 
well-exposed outcrops of MTDs can be divided into three strain-dominant morphodomains: headwall, 
translational and toe. The outcrops of the Rapanui MTD, part of the Lower Mount Messenger Formation 
in the Taranaki Basin, New Zealand, are exposed along a ca 4 km transect in coastal cliffs that enable the 
identification of the three morphodomains. The aim of this study is to characterize the stratigraphic and 
sedimentological nature of the Miocene-age Rapanui MTD outcrops and the evolution of its basal shear 
zone. The basal shear zone of an MTD is defined as the stratal zone formed in the interface between the 
overriding mass flow and the underlying in situ deposits or sea floor. Accordingly, the deformation struc-
tures in the Rapanui MTD and the basal shear zone were documented in an established spatial framework. 
Traditional methodologies were used to characterize the sedimentology of the Rapanui MTD. Data col-
lected from intrafolial folds, rafted blocks and samples from the Rapanui MTD were used to investigate 
strain and matrix texture evolution, estimate palaeoflow direction, and calculate yield strength and over-
pressure at the time of deposition. Additionally, a one-dimensional numerical model was developed? to 
test sedimentation-driven overpressure as a probable trigger. This work demonstrates that the basal shear 
zone, as well as the matrix texture of an MTD, can vary spatially as sediments from underlying deposits 
are entrained during shear-derived mixing. This phenomenon can impact the seal potential of MTDs and 
their interaction with fluids in the subsurface.  
2.1 Introduction 
 31 
2.1.1 Terminology of Mass-Transport Deposits 
Gravity mass flows, referred to as ‘mass flows’ hereafter, are those in which the movement is 
driven by gravity and the sediment motion moves the interstitial fluid (Dott, 1963; Middleton & 
Hampton, 1973; Fisher, 1983). Some mass flows are the result of downslope collapse of destabilized sedi-
ments and can occur in any subaerial or subaqueous environment (Dott, 1963; Middleton & Hampton, 
1973; Lowe, 1979; Talling, 2014; Moscardelli & Wood, 2015). In submarine settings, several types of 
gravity flows exist, including turbidity currents, slides, slumps and debris flows (Hampton et al., 1996; 
Mulder & Cochonat, 1996; Moscardelli et al., 2006; Talling et al., 2013). Submarine mass flows that ex-
hibit laminar behavior when moving downslope include slides, slumps and debris flows (Dott, 1963; 
Nardin et al., 1979; Talling et al., 2012). 
The deposits resulting from laminar submarine mass flows have been routinely termed by the en-
ergy industry as mass transport complexes (MTCs). The term was introduced by Weimer (1989) and its 
original usage had a sequence stratigraphic connotation. Weimer & Shipp (2004) proposed that because 
MTC is a seismic stratigraphic term, it should only be applied to: “…features at a scale that can only be 
completely imaged on volumetrically large seismic surveys”. However, in the same publication, these au-
thors state that: “…all mass transport related deposits be called MTCs”. It has been long recognized that 
features labelled as MTCs are often composed of multiple individual mass flow depositional events that 
are sometimes below the resolution of conventional seismic data. In this paper, the term MTC refers to a 
depositional architectural complex composed by the amalgamation of coeval and/or cogenetic mass 
transport deposits (MTDs) that form a seismic-scale MTC (ca >10 m thick). Mass transport deposits are 
typically only identifiable in outcrop, core and wireline log scales (<10 m thick) and are interpreted as the 
result of a single depositional event (Woodcock, 1979a; Macdonald et al., 1993; Moscardelli & Wood, 
2015). In exceptional cases, outcrops of deposits formed by mass flows can achieve seismic-resolvable 
thickness (Armitage et al., 2009; Dykstra et al., 2011; King et al., 2011; Sharman et al., 2015; Valdez 
Buso et al., 2015; Sobiesiak et al., 2016). In such cases, close inspection is necessary to assess whether 
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these deposits are composed of a single individual depositional event (an MTD) or are composed of mul-
tiple, amalgamated MTDs (i.e. an MTC).   
2.1.2 The Basal Shear Zone of Submarine Mass-Transport Deposits 
The basal shear zone (bsz) of a submarine MTD is herein defined as a zone of localized strain that 
forms syndepositionally during mass transport between the base of the overriding mass flow material and 
the underlying in situ deposits (substratum) and separates less strained or unstrained sediments (sensu lato 
Fossen & Cavalcante, 2017) — the upper and lower contacts of the bsz can be gradational or sharp (Alves 
& Lourenço, 2010; Alves, 2015; Festa et al., 2015; Sobiesiak et al., 2018). The bsz can be exclusively 
composed of remobilized material from the MTD protolith or a mixture of the remobilized material in the 
mass flow and entrained sediments from the substratum (Fig. 1). Common structures in the bsz are small-
scale folds (Clare et al., 2014; Ogata et al., 2014; Jablonská et al., 2018), ‘necking’ or boudinage 
(Tripsanas et al., 2003; Ogata et al., 2016), brecciation/cataclasis (Ineson, 1985; Farrell & Eaton, 1988; 
Callot et al., 2008), convolute/contorted bedding (TRIPSANAS et al., 2007; Butler et al., 2016) and struc-
tures associated with liquidization (sensu Allen, 1982a). Furthermore, the bsz can be a zone of erosion if 
the mass flow erodes into the substratum or a bypass zone, and/or if there is little or no interaction be-
tween the mass flow and the substratum (Sobiesiak et al., 2018). This spatial complexity in the bsz is the 
result of changes in a myriad of syndepositional factors during mass flow, such as incorporation of water, 
increase in material velocity, changes in pore fluid pressure, frictional stresses, viscosity, interaction with 
different underlying lithologies/degrees of lithifications, bathymetric obstacles and flow channelization, 
among others (Mohrig et al., 1999, 1998; Elverhøi et al., 2000; Marr et al., 2001; Posamentier & Kolla, 
2003; Lucente & Pini, 2003; Ilstad et al., 2004; De Blasio et al., 2005; Moscardelli et al., 2006; 
Posamentier & Walker, 2006; Moscardelli & Wood, 2008; Alves, 2010; De Blasio, 2011; De Blasio & 
Elverhøi, 2011; Dey et al., 2016; Otsubo et al., 2018). 
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Iverson (1997) showed experimentally that the maximum shear stress associated with subaerial de-
bris flows occurs at the base of the flow. Similarly, for subaqueous mass flows, shear stress increases line-
arly towards the base of the remobilized material, due to gravity (Middleton & Hampton, 1976; Elverhøi 
et al., 1997) and maximum shear stress is expected near the base of the flow (Figure 2.1). Consequently, 
the bsz is believed to accumulate most of the strain/deformation during mass transport and emplacement 
(Middleton & Hampton, 1976; Ineson, 1985; Tripsanas et al., 2003; De Blasio, et al., 2004; Yamamoto & 
Sawyer, 2012; Dugan, 2012; Ogata et al., 2012, 2019; Day-Stirrat et al., 2013; Kitamura et al., 2014; 
Festa et al., 2015; Cardona et al., 2016). The deformation observed in the bsz is not limited to the failed 
material within the mass flow, but can also progressively extend into the underlying deposits (Ogata et 
al., 2014; Valdez Buso et al., 2015; Sobiesiak et al., 2018), in a similar manner as a fault damage zone 
(sensu Yielding et al., 1997). In a fault damage zone, deformation is not exclusively confined to the fault 
plane, but nucleates from the fault plane into sediments in the hanging and footwall blocks. Analogously, 
during failure and emplacement of an MTD, a ‘zone’ of deformation is created between the remobilized 
sediments and the substratum over which the mass flow moves (i.e. the basal shear zone). The bsz thick-
ness can increase as the strain boundary migrates downward from the mass flow deforming part of the 
substratum (Alves & Lourenço, 2010; Sobiesiak et al., 2018). 
 34 
 
Figure 2.1 Idealized model of a mass flow showing different types of interaction with the substratum and the associated basal shear zone (bsz). 
Friction with ambient fluid has been ignored for simplicity. The shear stress [τs] versus mass flow thickness [h] profile shows schematically the 
distribution of shear stress throughout the mass flow. The bsz is believed to accumulate most of the strain during mass flow since the maximum 
shear stress, because the downslope component of the weight of the mass flow (Middleton & Hampton, 1976; Elverhøi et al., 1997), occurs near the 
base of the mass flow — see the equation for shear stress [τs] and its factors in the figure. Nonetheless, the nature of the bsz can vary spatially in 
response to changes in the mass flow and/or substratum; (i) the bsz is a zone of localized strain near the contact between the mass flow and substra-
tum. Deformation is focused in the mass flow protolith; (ii) the deformation front propagates downward into the substratum and the bsz includes the 
deformed in situ deposits; (iii) the bsz is a bypass contact with no observable evidence of deformation between the mass flow and the substratum; 
(iv) the bsz is a zone of erosion; (v) the bsz includes the base of the mass flow and the upper part of the substratum. Part of the substratum is plucked 
and/or liquidized into the mass flow; (vi) the bsz is thick zone of deformation including the remobilized mass flow and the substratum. The height 
of red rectangles approximately corresponds to the interpreted thickness of the bsz except in case (iii).   
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Idealized model of a mass flow showing different types of interaction with the substratum and the 
associated basal shear zone (bsz). Friction with ambient fluid has been ignored for simplicity. The shear 
stress [τs] versus mass flow thickness [h] profile shows schematically the distribution of shear stress 
throughout the mass flow. The bsz is believed to accumulate most of the strain during mass flow.  This is 
becausethe maximum shear stress,  the downslope component of the weight of the mass flow (Middleton 
& Hampton, 1976; Elverhøi et al., 1997), occurs near the base of the mass flow — see the equation for 
shear stress [τs] and its factors in the figure. Nonetheless, the nature of the bsz can vary spatially in response 
to changes in the mass flow and/or substratum; (i) the bsz is a zone of localized strain near the contact 
between the mass flow and substratum. Deformation is focused in the mass flow protolith; (ii) the defor-
mation front propagates downward into the substratum and the bsz includes the deformed in situ deposits; 
(iii) the bsz is a bypass contact with no observable evidence of deformation between the mass flow and the 
substratum; (iv) the bsz is a zone of erosion; (v) the bsz includes the base of the mass flow and the upper 
part of the substratum. Part of the substratum is plucked and/or liquidized into the mass flow; and (vi) the 
bsz is thick zone of deformation including the remobilized mass flow and the substratum. The height of red 
rectangles approximately corresponds to the interpreted thickness of the bsz except in case (iii).   
Recent works have documented the complex nature of the bsz in outcrops of MTDs (Alves & 
Lourenço, 2010; Festa et al., 2012; Ogata et al., 2012, 2019; Valdez Buso et al., 2015; Sobiesiak et al., 
2016, 2018; Brooks et al., 2018; Hodgson et al., 2018). The bsz thickness can range from a few millime-
ters to several tens of meters (Alves & Lourenço, 2010; Sobiesiak et al., 2018), and its characteristics 
vary temporally and spatially reflecting likely flow transformations during mass transport episodes 
(Strachan, 2008; Fallgatter et al., 2016).  
The bsz manifests itself at different scales — micro-scale (micron), macro-scale (meter) and mega-
scale (decameter) — all of which are characterized by varying degrees of shear-induced strain (Figure 
2.2). Understanding this zone of localized strain in MTDs can have important implications for fluid flow 
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studies (Sawyer et al., 2009; Dugan, 2012; Day-Stirrat et al., 2013) and for assessment of these deposits 
as hydrocarbon seals (Frey-Martínez, 2010; Aplin & Macquaker, 2011; Cardona et al., 2016).  
2.1.3 The Architecture of a Mass-Transport Deposit in Outcrop 
Although seismic-scale studies have advanced our understanding of submarine mass flows and the 
resultant deposits, there are still features in MTDs below seismic resolution (< ca 10 m) that are vital for 
process and petrophysical analyses and need to be investigated in outcrop (Posamentier & Martinsen, 
2011; Ogata et al., 2014; Sobiesiak et al., 2016). Large-scale geometries of MTCs are readily observable 
in three-dimensional seismic data. Lewis (1971) was one of the early workers that noted the idealized ‘tri-
partite’ architecture along dip-direction of submarine MTCs in seismic sections that was later validated by 
others (Prior et al., 1984; Allen, 1985; Martinsen & Bakken, 1990; Trincardi & Argnani, 1990; 
Martinsen, 1994; Lastras et al., 2002; Frey Martinez et al., 2005; Moscardelli et al., 2006; Bull et al., 
2009). Lewis (1971), using dip-oriented seismic lines, noted the systematic distribution of strain exhibited 
in several MTCs offshore New Zealand; with extensional structures characterizing the upslope, relatively 
undeformed strata in the middle zone and compressional structures dominating the distal zone. Numerous 
researchers have since noted similar partitioning of strain types in MTCs (Prior et al., 1984; Allen, 1985; 
Martinsen & Bakken, 1990; Trincardi & Argnani, 1990; Martinsen, 1994; Lastras et al., 2002; Frey 
Martinez et al., 2005; Moscardelli et al., 2006; Steventon et al., 2019). Bull et al. (2009) named these 
three deformation zones as ‘domains’ and described them as — from proximal to distal along dip-direc-
tion — the headwall, translational and toe morphodomain (Fig. 3). Here the term morphodomain is pre-
ferred because it also encompasses morphological features.  
Each morphodomain is typically characterized by a locally dominant stress regime and the material 
in these morphodomains has stress-reflective kinematic indicators (Farrell, 1984; Farrell & Eaton, 1987; 
Bull et al., 2009; Ogata et al., 2016). Some examples of such a kinematic indicator are grooves and folds. 
Grooves or lineaments on the sea floor created by the passage of rafted blocks within the mass flow can 
help to determine flow direction (e.g. Moscardelli et al., 2006; Hodgson et al., 2018). Similarly, fold
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Figure 2.2 Summary of common characteristics of the basal shear zone (bsz) at different scales: seismic, 
well-log and core, and outcrop and microscopic. (A) Seismic section of a mass transport complex (MTC) 
offshore Gulf of Mexico. The bsz in seismic data is characterized by a strong amplitude reflection. The bsz 
can be concordant or downcutting underlying stratigraphy forming flats and ramps (red arrow) (Bull et al., 
2009). (B) Well-log and core data show a gradual increase in resistivity, density and shear strength towards 
the base of the MTC (i.e. the bsz) that contrast with trends of underlying deposits. The largest amount of 
shear-induced densification occurs in the bsz (Dugan, 2012). Porosity in the bsz is significantly lower com-
pared with background deposits. (C) Core shows plastic deformation and liquidization that can be visible 
in image logs. Sterenet plots from image logs display chaotic dips that drastically differ from regional 
trends. (D) Samples near the bsz can show a distinctive bimodal grain-size distribution as a result of sedi-
ment mixing between remobilized material and sediments entrained from substratum. Increase in sand con-
tent can account for the reduction in porosity in the bsz. (E) Thin section and schematic interpretation near 
the bsz of a landslide. Deformation in the bsz manifest at the millimeetr-scale as zones of concentrated 
cataclasis, grain rearrangement, microfaulting and convoluted laminations. Arrows show shear sense. (F) 
Conceptual representation of the effect of shearing on the pore-throat size in the bsz. Shearing and remould-
ing during mass transport preferentially destroys large pore throats, thus causing a reduction in porosity and 
permeability (Haines et al., 2009). (G) Conceptual representation of the effect of shearing on the degree of 
clay alignment near the bsz. Commonly, flocculated clay aggregates are composed of randomly oriented 
particles. When these sediments are exposed to shearing during mass failure, a preferential microfabric can 
form. In general, clay minerals are more strongly aligned in the bsz than bounding sediments (Day-Stirrat 
et al., 2013; Cardona et al., 2016). 
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hinges in MTDs are a reliable indicator to estimate general transport direction (Woodcock, 1979b; 
Strachan, 2002; Strachan & Alsop, 2006; Alsop & Marco, 2012; Sobiesiak et al., 2017). Therefore, in 
well-exposed outcrops of MTDs, it is possible to identify the three key morphodomains (i.e. headwall, 
translational and toe) (Figure 2-3).  
This study provides outcrop-scale observations of deformation structures related to each morpho-
domain (i.e. headwall, translational and toe). It is important to note that the boundaries between morpho-
domains are gradational in nature. This tripartite framework to subdivide MTDs into the three morpho-
domains based on diagnostic characteristics, can be possible regardless of the MTD size or lithological 
nature (TRIPSANAS et al., 2007). Accordingly, the three strain-specific morphodomains in the Rapanui 
mass-transport deposit (RMTD) have been identified based on sedimentary structures, degree of bedding 
and matrix disruption, grain mixing, rafted blocks and deformation features as recognized in outcrop.   
The spatial changes of the bsz in each morphodomain were also documented — from the more 
proximally located headwall, to the translational, to the distally located toe morphodomain. Additionally, 
data collected in the field integrated with quantitative analytical approaches are used to reconstruct the 
paleoflow direction, estimate flow competence, calculate the overpressure near the bsz, and assess the 
likely trigger mechanism of the RMTD. Lastly, the role of sedimentation-driven overpressure as a possi-
ble triggering mechanism is explored using a 1D numerical model, a depositional evolution for the 
RMTD is proposed, and some implications for seal potential of MTDs in petroleum systems are discussed 
based on outcrop interpretations.  
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Figure 2.3 Idealized mass transport deposit (MTD) with the three morphodomains (i.e. headwall, transla-
tional and toe) and the locally dominant stress regimes at each morphodomain. Deformation structures 
systematically evolve from reflecting extensional stress in the headwall (for example, normal faulting, bou-
dinage, etc.), shear stress in the translational (for example, shear folding, sediment plucking, basal grooves 
etc.), to compressional stress in the toe (for example, folds, thrust faulting, etc.). The boundaries between 
morphodomains are gradational in nature. 
 
2.2 Geological Setting 
Outcrops of the RMTD are Late Miocene (Tortonian) in age and part of the Lower Mount Messen-
ger Formation (LMMF) located in the Taranaki Basin, New Zealand (Figure 2-4A). The Taranaki Basin 
encompasses an area of ca 100 000 km2, with most of the basin in a modern day offshore setting (King & 
Thrasher, 1996; Masalimova et al., 2016). The basin is filled with a sedimentary succession of mid-Creta-
ceous (ca 100 Ma) to Recent-age sediments that are up to 9 km thick (King & Thrasher, 1996). The basin 
has experienced a complex tectonic history since its inception (King & Thrasher, 1992, 1996). The pre-
sent-day configuration of the basin is associated with the evolving Pacific–Australian convergent plate 
boundary through the North Island of New Zealand forming the Hikurangi Subduction Zone (King, 2000; 
Wallace et al., 2009).  
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Following its initial Cretaceous development within a synrift setting, the Taranaki Basin evolved as 
a passive margin in the Late Cretaceous to Paleogene time (King & Thrasher, 1996; Strogen et al., 2017). 
Structural, sedimentological and paleogeographic evidence shows that the Taranaki Basin remained as a 
passive margin throughout much of the Paleogene (King & Thrasher, 1992; Baur et al., 2014; Strogen et 
al., 2014). During the Early Miocene, basement blocks, now buried at depths of 500 to 2500 m and crop-
ping out in the Herangi Range, were westwardly overthrust into the Taranaki Basin along the north–south 
trending Taranaki fault (Stagpoole & Nicol, 2008). This generated an increase in subsidence (King & 
Thrasher, 1992), which in turn triggered marine inundation in the basin, and clastic sedimentation became 
dominant (King & Robinson, 1988; Masalimova, 2013; Bull et al., 2019). In the Middle to Late Miocene 
time, the eastern Taranaki Basin was an intra-arc to back-arc basin in relation to the active plate margin to 
the east. 
The area of this study sat in middle to lower bathyal water depths during the Late Miocene (Figure 
2-4B) (King et al., 1993). The shelf was relatively narrow (ca 10 to 15 km wide) and located immediately 
east of the study area (King et al., 2011). In general, the regional Late Miocene paleoflow direction in the 
Taranaki Basin was to the north-west (King et al., 2011; Masalimova et al., 2016) (Figure 2-4B). The ba-
sin sedimentation patterns at the time of RMTD were characterized by clastic sedimentation rates ranging 
from ca 60 to 200 cm/k per year (King et al., 1993; Maier et al., 2016) that coincided with an interpreted 





Figure 2.4 (A) Map of New Zealand with the approximate location of the Taranaki Basin (red square). (B) 
Paleogeographic reconstruction of the Taranaki Basin showing bathyal conditions dominated with basin 
floor fan and slope fan deposits during the Late Miocene (modified from Browne et al., 2015 and 
Masalimova et al., 2016). The Rapanui mass transport deposit (RMTD) is sketched here schematically. 
Rose diagram shows the dominant paleoflow direction to the north-west during the deposition of the Mount 
Messenger Formation (Masalimova et al., 2016). (C) General stratigraphic column of the Upper Miocene 
strata near the study area (modified from King et al., 1993 and Rotzien et al., 2012). The RMTD is part of 
the Lower Mount Messenger Formation. (D) Aerial photograph showing the extension of the RMTD out-
crops traced by the yellow line. The approximate location of this map is shown in Figure 2.3B. The trans-
lucent sketch is an aerial schematic representation of the RMTD. The location of key figures for each mor-
phodomain is labelled on the map; headwall (Figure 2.6), translational (Figure 2.7) and toe (Figure 2.8). 
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volcaniclastic material derived from the submarine andesitic Mohakatino volcanic arc in the northern off-
shore part of the basin (Giba et al., 2013; Shumaker et al., 2018) and were punctuated by several MTDs 
(King et al., 2011; Rotzien et al., 2014; Sharman et al., 2015; Masalimova et al., 2016).  
The LMMF is characterized by fining-upward cycles of sandstone and siltstone deposited in sheet-
like or lobe-like geometries with increasing degrees of channelization up-section (King et al., 1993; 
Masalimova et al., 2016) (Figure 2.4C). The LMMF has been referred to as the ‘basin-floor fan’ portion 
of an overall third-order deposition succession according to King et al. (2011). Masalimova et al. (2016) 
subdivided the LMMF into five main lithofacies; mud-clast conglomerate, thick to medium-bedded sand-
stone, interbedded medium to thin-bedded sandstone and mudstone, mudstone to silty and sandy mud-
stone, and mass-transport deposits. King et al. (2011) interpreted the depositional settings of the MTDs in 
the LMMF to be uppermost slope to the basin floor.  
The outcrops of the RMTD, part of the LMMF, are exposed along 10 to 20 m high coastal cliffs 
showing a subtle structural dip of 2 to 5° to the south-west (Figure 4D). These outcrops trend north-east 
and are oriented semi-obliquely to the regional north-west paleoflow direction (Masalimova et al., 2016) 
for nearly 4 km, from the Tongaporutu River to north of the Rapanui Stream (Figure 4D). The upper and 
lower contacts of the RMTD are continuously exposed along a transect of almost 650 m that allows the 
detailed investigation of the bsz and its interaction with the underlying deposits (Figure 2.5). 
2.3 Methodology and Dataset 
A total of 72 m of stratigraphic section were measured at the centimeter scale. Sections were meas-
ured where tides and cliff morphology permitted access and were strategically selected to document the 
stratigraphic/sedimentological characteristics of the RMTD from the area near its headwall, through the 
translational and to the distal toe morphodomain. A total of 79 syndepositional folds in the RMTD were 
analyzed. For each fold, the attitude of the axial plane, fold hinge and interlimb angle were measured, and 
then classified according to the morphodomain (i.e. headwall, translational or toe). Folds were described 




















Figure 2.5 Photomosaic panels of the Rapanui mass transport deposit (RMTD) with approximate coordi-
nates. Outcrops are exposed semi-obliquely to the north-west depositional dip. See Figure 4D for the ap-
proximate map location for each panel. The RMTD is sandwiched by two sandstone units interpreted as 
submarine fan lobes and here informally labelled as Lobe 1 and Lobe 2. Rafted blocks inside the RMTD 
have been traced to scale. (A) Uninterpreted (above) and interpreted (below) panel covering part of the 
headwall into the translational morphodomian. (B) Uninterpreted (above) and interpreted (below) panel in 
the translational morphodomian. Note the increase in rafted blocks inside the RMTD matrix. (C) Uninter-
preted (above) and interpreted (below) panel covering part of the translational into the toe morphodomian. 




terminology by Fleuty (1964). Fold orientations, based on the dip of the axial plane, were classified as 
upright (80 to 90°), steeply inclined (60 to 80°), moderately inclined (30 to 60°), gently inclined (10 to 
30°) or recumbent (0 to 10°). Fold shapes, defined by interlimb angle, were classified as gentle (>120°), 
open (70 to 120°), close (30 to 70°), tight (<30°), isoclinal (0°) or ‘ptygmatic’ (<0°) .The collected fold 
data were used to estimate the likely transport direction in the RMTD using the Mean Axis Method 
(MAM) (Jones, 1939) and investigate spatial deformation patterns.  
Rafted blocks within the RMTD were also systematically studied. In this work, the term ‘block’ 
refers to an undeformed to relatively deformed clast with a diameter greater than 0.25 m, that has been 
entrained and transported by a mass flow. Blocks are further classified into boulder-sized blocks with di-
ameters between 0.25 m and 4.1 m, and megablocks with diameters >4.1 m (sensu Blair & McPherson, 
1999). Measurements of block dimensions and long axis trends were collected on a total of 22 rafted 
boulder-sized blocks and five rafted megablocks to determine paleoflow direction (De Blasio et al., 2006) 
and calculate yield strength (Johnson, 1970) of the RMTD. ‘Photomosaics’ of the RMTD outcrops were 
created with photographs from beach level that allow the tracing of the RMTD’s bounding units for sev-
eral kilometers (Figure 5). Photogrammetric analysis of the RMTD thickness was done using the open-
source JMicroVision software (www.jmicrovision.com) and combined with measurements taken in the 
field of the estimated bsz thickness (every 3 m along the ca 650 m transect) where both the upper and 
lower contacts of the RMTD are exposed. Thin-sections from key locations in the RMTD were prepared 
by first injecting transparent epoxy into rock samples to preserve microscopic structures and then using 
traditional preparation methods. Thin-section examination was done using the Leica DM2500 P polariz-
ing microscope (Leica Microsystems, Wetzlar, Germany).  
To investigate the spatial variation of the RMTD matrix, samples were collected from within a me-
ter of the upper and lower contact of the RMTD in each morphodomain. The samples were prepared using 
the air-dried method and gentle hand-crushing since cementation was negligible. Samples were analyzed 
using the Microtrac Bluewave Blue Laser Diffraction Particle Size Analyzer (Microtrac Instruments, 
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Montgomeryville, PA, USA) with a measuring range of 0.01 to 2800 microns (µm) and results reported as 
particle-size distributions. Repeated runs were randomly done to ensure instrument precision. Final parti-
cle size distribution data were analyzed using methodologies outlined by Blott & Pye (2001).  
2.4 The Rapanui Mass-Transport Deposit 
2.4.1 Overview 
The outcrops of the Rapanui mass-transport deposit (RMTD) are dominated by soft-sediment de-
formation associated with submarine mass flows. The RMTD is sandwiched between two sandstone units 
(Lobe 1 and Lobe 2) interpreted as submarine fan lobes by Masalimova et al. (2016) and Do (2018). The 
lobes are composed of amalgamated thick-bedded sandstones with fine to medium-grained sand and ex-
hibit sedimentary structures such as massive, large-scale cross-stratification and planar lamination. Here, 
these lobes have been generically labelled as Lobe 1, Lobe 2, Lobe 3 and Lobe 4 from older to younger 
(Figure 2.5). The upper contact of the RMTD is well-exposed for more than 3 km, but is sharply truncated 
by the Rapanui wave cut surface towards the northern end (toe morphodomain) at roughly 15 to 20 m 
above modern-day mean sea level (Fig. 5C). This erosional surface is attributed to the last major trans-
gression around 120 ka prior to Holocene highstand (Pillans, 1990). The upper contact of the RMTD ex-
hibits minor rugosity and is overlain conformably, and occasionally erosionally, by a fining-upward, me-
dium to fine-grained sand turbidite unit (Lobe 2) (Figure 2.5). The lower contact of the RMTD is exposed 
continuously for almost 650 m and varies spatially; from zones showing no interaction with underlying 
deposits to zones showing erosion or deformation propagating into the underlying deposits. This lower 
contact evolves from a discrete/sharp boundary near the headwall to a broader zone of deformation down-
dip in the distal toe morphodomain, and thus this ‘contact’ is referred to here as a zone of deformation 
(i.e. the basal shear zone of the RMTD). 
Based on sedimentary structures, rafted blocks, matrix disruption and deformation features, the 
three morphodomains in the RMTD were identified; the headwall (Figure 2.6), translational (Figure 2.7) 
and toe (Figure 2.8). Thickness of the RMTD varies spatially, being 4 m thick near the headwall, to at 
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least ca 15 m thick in the toe (about ca 27% thickness inflation). The average thickness is 7.4 m and the 
RMTD maintains this average thickness through the translational morphodomain. Although the true di-
mensions of outcropping MTDs are generally unknown (Martinsen, 1989), the length of the RMTD can 
be estimated as approximately 10 km using the average deposit thickness (see Moscardelli & Wood, 2015 
for methodology).  
A total of 79 folds were documented in the RMTD; 11 folds in the headwall, 35 folds in the trans-
lational and 33 folds in the toe. The majority of folds are centimeter to meter-thick intrafolial or rootless 
folds with amplitudes between few centimeters to meter-scale (up to 6 m). Stratigraphically, most folds 
are located within or near the bsz, except for a few sandstone-cored, meter-scaled amplitude folds that en-
compass the whole RMTD exposure in the toe (Figure 2.8B). The dominant fold orientations are gently 
inclined (n = 32) and recumbent (n = 24) folds, accounting, respectively, for 41% and 30% of all folds. 
The average fold axial plane dip is 25° with a standard deviation of ca 22°. The fold shape (i.e. interlimb 
angle) is dominated by tight-shaped folds. However, open, close, tight, isoclinal and ptygmatic folds were 
also documented in the RMTD.  
The RMTD matrix is dominated by sandy siltstone (Folk, 1974), but varies from a sandy-silt com-
position with an average sand : silt ratio of 1 : 1 near the bsz to a siltier composition with average sand : 
silt ratio of 1 : 3 in the upper zone (within a meter of the RMTD upper contact) (Figure 2.9B). Clay-sized 
fraction in the matrix of the RMTD ranges from 2 to 8% by volume. Similarly, the matrix near the bsz 
varies from proximal to distal morphodomains becoming rich in medium-sized sand fraction in the distal 
morphodomains (Figure 2.9B). Rafted blocks within the RMTD — easily recognizable because of their 
distinct brown color and sand-dominated lithology (Figure 2.10) — are mainly composed of texturally 
immature fine to medium grain-sized sand that are of the same character as the adjacent turbidite deposits 




Figure 2.6 (A) Uninterpreted and (B) interpreted key outcrop in the headwall morphodomain of the Rapanui 
mass transport deposit (RMTD) — see Figs 4D and 5A for location. Note that deformation structures within 
the RMTD interval are associated with extensional stress such as fractures, boudinage and clastic injectites. 
However, deformation did not completely obliterate the original stratification of the RMTD ‘protolith’. 
Fractures abruptly stop against thick sandstone layers and substratum. (C) Representative stratigraphic 
measured section in the headwall of the RMTD. Note that sandstone beds deformed plastically (for exam-
ple, folds and boudinage) but disaggregation is minor. (D) Close up of the sand injectites in the RMTD. 
These cuspidate injectites (white triangles) have lengths around 10 to 20 cm and form during sudden dila-
tion of brittle beds (i.e. sandstone). The contact between the RMTD and the underlying deposits (Lobe 1), 
marked with the dashed line, is sharp and deformation is limited within the RMTD. (E) Close-up of metre-
scale, shear-band boudin in a thick sandstone bed. This type of boudinage is associated with ductile defor-
mation and large lateral displacement. Boudins only formed in the sandstone beds and can be used to esti-





Figure 2.7 (A) Uninterpreted and (B) interpreted key outcrop in the translational morphodomain of the 
Rapanui mass transport deposit (RMTD) —see Figs 4D and 5B for location. Note homogenization/stratal 
disruption of the RMTD matrix; nearly all primary bedding/stratification has been completely obliterated.  
Rafted sandstone blocks are present in the matrix and some blocks show disaggregation (see Figure 10). 
The basal shear zone here is irregular and shows evidence of entrainment and fluidization (see partially 
fluidized and folded sandstone from substratum in close-up in (D).  Flow folds or flowage structures are 
identified in the matrix resulting from partial to complete fluidization conditions (viscoplastic nature) dur-
ing mass-transport (C) Representative stratigraphic measured section in the translational morphodomain. 




Figure 2.8 (A) Uninterpreted and (B) interpreted key outcrop in the toe morphodomain of the Rapanui mass 
transport deposit (RMTD) —see Figures 2.4D and 2.5C for location. The dominant deformation structures 
here are metre-scale compressional folds. These types of folds are probably associated with pressure ridges 
formed in the toe morphodomain. Some folds display a sheath-like geometry such as the one in the close 
up in (D). Matrix near hinge of folds display an incipient crenulation. (C) Representative stratigraphic 







2.4.2 Rapanui Mass-Transport Deposit Morphodomains 
2.4.3 Headwall Morphodomain 
The headwall morphodomain of the RMTD is not fully exposed, but does make up approximately 
15% of the outcrop extent. Where this morphodomain is exposed, the RMTD has an average thickness of 
4 m and is dominated by structures reflective of extensional strain (for example, boudinage, fractures and 
clastic injectites) (Figure 6). Rafted blocks are scarce in the headwall morphodomain. The original bed-
ding of the RMTD protolith can still be recognized and is comprised of thinly-interbedded sandstones 
with siltstones and mudstones (Fig. 6B and D). Accordingly, the RMTD matrix in this morphodomain is 
mainly composed of silt with a strong monomodal grain-size distribution (samples S1 and S6 in Figure 
9B).  
In addition to the relative preservation of primary stratification and lack of rafted blocks, other key 
diagnostic structures in this morphodomain are fractures, sand injectites and boudins (Figure 6). Fractures 
have lengths from 30 to 200 cm and are bounded within the RMTD unit, mainly affecting the fine-grained 
beds and stopping abruptly against thicker sandstone beds and the basal contact (Fig. 6B). Sand injectites, 
with lengths around 10 to 20 cm, exist between layers of different competence; for example, between 
thin-bedded sandstones and mudstones (Fig. 6D). Similar structures were named by Ogata et al. (2016) as 
cuspidate injections and form during sudden dilation of the brittle beds (sandstone) resulting in forceful 
injection of the bounding plastic mudstones (Winterer et al., 1991). Boudins in the RMTD are shear-band 
boudins (sensu Goscombe et al., 2004). This type of boudinage is associated with ductile deformation and 
large lateral displacements of layer-parallel extension (Goscombe & Passchier, 2003; Goscombe et al., 
2004). Boudins are only formed in the sandstone beds and can be used as a kinematic indicator to esti-
mate shear sense (Fig. 6E). 
The syndepositional intrafolial folds in the headwall (n = 11) have orientations from upright to re-
cumbent and their interlimb angles are predominantly close (30 to 70°). Furthermore, the headwall is de-
void of isoclinal-shaped and ptygmatic-shaped folds and open-shaped folds (interlimb angle between 70° 
and 120°) were only documented in this morphodomain. The described deformation structures in the 
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headwall are confined within the RMTD and the interaction between the RMTD and the underlying de-
posits is minor. The bsz in the headwall could be loosely described as a basal shear surface, because it ex-
hibits a sharp contact between the RMTD and the underlying sandy substratum.  
 
Figure 2.9 (A) Samples from the Rapanui mass transport deposit (RMTD) matrix plotted in the sand-silt-
clay ternary diagram from Folk (1974) (data obtained from the laser particle grain analyses). In general, the 
RMTD matrix is characterized by an overall sand–silt texture. However, samples from the upper zone in 
the RMTD (within a metre of the RMTD upper contact) are dominated by sandy silt texture, whereas sam-
ples from the RMTD basal shear zone (bsz) are dominated by silty sand texture. (B) Grain-size distribution 
plots from laser particle size analyses of samples from the upper zone and bsz in the RMTD. Samples show 
textural differences between morphodomains. The texture of the RMTD matrix evolves spatially from the 
headwall to the toe (S1, S2; Sn refers to sample number). Note that the RMTD matrix becomes enriched in 
sand-sized fraction in the distal morphodomains and develops a bimodal grain-size distribution, likely as a 
result of entrainment of underlying sand-rich deposits into the mass flow. Samples from the upper zone in 
toe morphodomain were not collected because the upper portion of toe morphodomain is eroded by the 
Rapanui wave cut surface (Figs 5C and 8). 
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2.4.3.1 Translational Morphodomain 
The translational morphodomain in the RMTD has an average thickness of 7.4 m and comprises 
60% of the outcrop extent. The transition into this morphodomain can be identified by conspicuous stratal 
disruption and homogenization of the RMTD matrix (Ogata et al., 2012). In this morphodomian, nearly 
all of the original bedding/stratification from the RMTD protolith has been obliterated (Fig. 7). Most 
rafted blocks are in this morphodomain (89% of total blocks),and boulder-sized blocks to megablocks are 
floating in the RMTD matrix (Fig. 10) creating a ‘block in matrix’ texture similar to the one described by 
Ogata et al. (2012). Up to 50% of the RMTD thickness can be dominated by blocks in this morpho-
domain (Fig. 10). Most rafted blocks display low aspect ratio (height < width), mechanical disaggregation 
into the matrix and evidence of partial fluidization (Allen, 1982a), particularly around their margins (Fig. 
11). Similar features in rafted blocks were also identified by Sobiesiak et al. (2016). The grain-size distri-
butions of samples from the matrix in this morphodomain are slightly bimodal with a well-defined fine-
sand peak and a medium-sand tail (samples S3 and S7 in Fig. 9B).  
Flow folds or flowage fabric (Fig. 11B) are also pervasive in this morphodomain. Brodzikowski & 
Van Loon (1985) defined flowage structures as those resulting from partial or complete deformation via 
fluidization (viscoplastic nature) without tectonic influence. Flowage fabrics are common in the matrix 
and the margins of rafted blocks near the bsz (Fig. 11B).  
Syndepositional folds (n = 35) are common in this morphodomian and are primarily moderately-
inclined to recumbent tight-shaped folds with average interlimb angle of 16°. No open-shaped folds were 
identified in this morphodomain. Folds become rootless up section in the RMTD and decrease in number. 
The described structures are characteristic of low-viscosity Bingham flow deposits (TRIPSANAS et al., 
2007). The bsz in this morphodomain corresponds to the proposed concept of a strain zone as deformation 
is not confined along a single surface but propagates into the underlying deposits creating a zone of defor-
mation (see Rapanui mass-transport deposit basal shear zone section). Moreover, erosion of underlying 
deposits by the RMTD is common in this morphodomain (Fig. 12). 
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Figure 2.10 (A) Uninterpreted and (B) interpreted outcrop in the translational morphodomain of the Rapanui 
mass transport deposit (RMTD) — see Figure 5 for location and legend. The highest concentration of rafted 
blocks occurs in the translational morphodomain where up to 50% of the RMTD thickness can be domi-
nated by rafted blocks. Rafted blocks display a low aspect ratio (height < width), mechanical disaggrega-
tion, and evidence of partial fluidization (Figure 11B). Note that deformation associated to the emplacement 




Figure 2.11 (A) Example of a rafted sandstone block showing partial fluidization around the margins. Inset 
in figure illustrates how margins of block gradually diffuse into the Rapanui mass transport deposit (RMTD) 
matrix. (B) Detail of rafted sand block showing flowage fabric around its margins which serves as evidence 
of fluidization.  (C) Uninterpreted and (D) interpreted thin section from flowage fabric. Grains display a 
crude upward orientation suggesting syndepositional conditions of relatively high pore pressure. Light 
brown band is interpreted as a mineralized band due to fluid bypass. (E) Rose diagram of long axis orien-
tation for 100 grains in thin section supports the upward orientation in the flowage fabric. (F) Grain-size 
distribution plot from sample in flowage fabric suggests a mixture between elutriation of fines and medium-
sized sand from underlying deposits and/or disaggregation of block.  
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2.4.3.2 Toe Morphodomain  
The toe morphodomain exhibits the greatest thickness in the RMTD, reaching at least 15 m, even 
though its upper contact is truncated here by the Early Holocene Rapanui wave cut surface (Figs 5C and 
8B). The extent of this morphodomain is estimated to be around 25% of the RMTD exposure. The largest 
megablock (ca 35 m width) in the RMTD is located in the toe (Fig. 5C). The RMTD matrix in the toe is 
substantially enriched in fine to medium-sand fraction in comparison with the other morphodomains 
(samples S8, S9 and S10 in Fig. 9B). Similar to the translational morphodomain, syndepositional folds are 
abundant in the toe (n = 33) and open-shaped folds are absent. Most folds in this morphodomain are mod-
erately-inclined to recumbent tight-shaped folds with an average interlimb angle of 17°. The dominant 
deformation structures in the toe are associated with a compressional stress regime such as meter-scale 
sheath-like folds of sandstone beds (Fig. 8B and D). These meter-scale folds are associated with pressure 
ridges (Frey-Martínez et al., 2006; Bull et al., 2009) and high shear strains (Farrell, 1984; Bradley & 
Hanson, 1998). Additionally, a weak crenulation texture (Fossen, 2016) formed in the mud-rich portions 
surrounding some folds in response to folding (Fig. 8B).  
2.4.3.3 Rapanui Mass-Transport Deposit Basal Shear Zone 
The basal shear zone (bsz) in the RMTD varies spatially across short distances (ca 100 to 200 m) 
along the extent of the outcrops. The bsz can be non-erosive, weakly erosive/deformational (ca 0.5 to 1.0 
m thick bsz), or highly erosive/deformational (>1 m thick bsz) (Fig. 13) in a span of ca 300 m.  The bsz 
thickness, with average value of 0.73 m, fluctuates in a periodic pattern reaching the maximum thickness 
in the translational morphodomain and gradually decreasing along dip-direction in the toe morphodomain 
(Fig. 14A). The measurements of the bsz thickness show a log-normal distribution at each morphodomain 
with different average values; from the headwall to the translational and toe morphodomain, the average  
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Figure 2.12 . (A) Uninterpreted and (B) interpreted outcrop near the transition between the translational and toe morphodomain of the Rapanui mass 
transport deposit (RMTD) — see Figure 5 for location and legend. This is a clear example of meter-scale erosion into the underlying sandstone by 
the RMTD (red arrows). Furthermore, rafted blocks and deformed/folded sand beds floating in the RMTD matrix were likely entrained from the 




bsz thickness is 0.27 m, 0.79 m and 0.64 m, respectively (Fig. 14B). There are also tens of meter long 
stretches in the translational morphodomain where the bsz is flat and smooth, showing minor to no inter-
action with the substratum (Fig. 13C and D). Other common structures in the bsz are convoluted bedding, 
clastic injectites and flowage fabric suggesting syndepositional conditions of high pore pressure (Fig. 13E 
to H) (Brodzikowski & Van Loon, 1985; Owen, 1987; Tripsanas et al., 2008; Owen & Moretti, 2011; 
Owen et al., 2011).  
The bsz is characterized by trains of syndepositional shear folds with amplitudes between 10 cm 
and 50 cm. The folds in the bsz systematically become gently inclined to recumbent with tight-shaped or 
ptygmatic folds from the headwall to the toe morphodomain. Additionally, the folds exhibit a strong ver-
gence towards the overall flow direction of the RMTD (north to north-west) (Fig. 13G and H). In the 
headwall, these folds are well constrained within the RMTD protolith and overlie a sharp basal contact 
with the substratum (Fig. 13A and B), whereas in the translational and toe morphodomains, these folds 
typically involve the substratum and at places part of the substratum is entrained by the RMTD (Fig. 13I 
and J). In the translational and toe morphodomian, folds in the bsz become predominantly recumbent and 















Figure 2.13 Multiple examples documenting the evolution of the basal shear zone (bsz) in the Rapanui mass 
transport deposit (RMTD). The approximate thickness of the bsz in each location is shown by a red double-
headed arrow. (A) Uninterpreted and (B) interpreted picture of the bsz near the headwall. The deformation 
here is concentrated in the bsz and only comprises the RMTD protolith. Deformation does not affect the 
substratum. (C) Uninterpreted and (D) interpreted photograph near the translational morphodomain show-
ing minor to no interaction between the RMTD and the substratum. The contact between the RMTD and 
substratum here is flat and smooth. (E) Uninterpreted and (F) interpreted photograph of the bsz in the trans-
lational morphodomain characterized as a zone of viscous deformation and liquidization. Rafted sandstone 
blocks near the bsz show liquidized margins. (G) Uninterpreted and (H) interpreted photograph of the bsz 
near the transition between translational and toe morphodomain. The bsz is characterized by a train of 
syndepositional shear folds with 10 to 30 cm amplitude involving part of the substratum and showing a 
strong vergence towards the north to north-west. The light brown shade here indicates an interval of liquid-
ized sandstone in the bsz. (I) Uninterpreted and (J) interpreted photograph of the bsz where deformation is 
not only within the RMTD but it has extended downwards into the substratum. Sandstone beds (dimpled 




Figure 2.14 (A) Basal shear zone (bsz) thickness versus relative location from proximal to distal in the 
Rapanui mass transport deposit (RMTD). The average value of the bsz is 0.73 m thick, but varies in each 
morphodomain. (B) Histograms of the bsz thickness classified by morphodomain. Average, P10 and P90 
values of the bsz thickness are labelled on each histogram. In the headwall, the average bsz thickness is 
0.27 m. In the translational, the bsz reaches its maximum thickness of almost 3.5 m and averages 0.79 m. 





Figure 2.15 (A) Histogram of fold orientation (i.e. axial plane dip) of intrafolial folds in the Rapanui mass 
transport deposit (RMTD). Data in histogram are colour-coded by morphodomain. Note that distribution is 
right skewed with average axial plane dip of 25° and standard deviation (SD) ca 21°. Most folds are mod-
erately inclined to recumbent supporting a significant shear stress component of deformation. The axial 
plane of folds tend to rotate towards the main shear plane with increasing shear strain generating recumbent 
folds (Sanderson, 1979). (B) Pie-chart of fold shape (i.e. interlimb angle) of folds in the RMTD. The most 
dominant folds are tight-shaped (56%) and close-shaped folds (27%). (C) Histograms of fold shape (i.e. 
interlimb angle) of intrafolial folds in the RMTD classified according to the morphodomain. Note that folds 
become systematically tighter from headwall to toe. Open-shaped folds are only present in the headwall 




2.5.1 Analysis of Folds 
The fold data were used to investigate strain evolution and estimate palaeoflow direction of the 
RMTD. From the analyses of orientation and geometry of folds, two strain trends emerge in the RMTD. 
First, fold orientation (i.e. axial plane dip) shows a transition from upright to steeply inclined folds in the 
headwall, to predominantly gently and recumbent folds in the translational and toe (Fig. 15A). The axial 
plane of folds tends to rotate towards the main shear plane with increasing shear strain, and thus the axial 
plane dip decreases with further transport, generating recumbent and sheath folds (Sanderson, 1979; 
Woodcock, 1979b; Passchier, 1997; Strachan & Alsop, 2006; Alsop & Marco, 2013). Second, the fold 
shape (i.e. interlimb angle), becomes systematically tighter with travelled distance in the RMTD (Fig. 
15B and C) — as shear strain becomes more intense, reduction in interlimb angle becomes increasingly 
pronounced (Grocott & Watterson, 1980; Strachan & Alsop, 2006). Open-shaped and close-shaped folds 
dominate the headwall, whereas tight-shaped folds prevail in the translational and toe. Isoclinal-shaped 
and ptygmatic-shaped folds are exclusive of the translational and toe. The correlation between the fold 
orientation and fold shape of folds in the RMTD supports a concomitant rotation and tightening of folds 
with progressive downslope deformation from headwall to toe (Jones, 1939; Woodcock, 1976, 1979b; 
Sharman et al., 2015; Sobiesiak et al., 2017).  
The structural data collected from folds in the RMTD can also be used to estimate the palaeoflow 
direction using the Mean Axis Method (MAM) (Jones, 1939). The MAM has been successfully used in 
other MTDs to determine palaeoflow direction (Woodcock, 1979b; Strachan & Alsop, 2006; Alsop & 
Marco, 2012, 2013; Sharman et al., 2015; Jablonská et al., 2018). The MAM assumes that fold axes or 
hinges have undergone little downslope rotation with mass transport, thus the fold hinges are aligned per-
pendicular to the transport direction of the mass flow (Fig. 16A) (Jones, 1939; Woodcock, 1979b). The 
fold hinge data (n = 79) from the RMTD reveal two clusters representing fold hinges trending towards the 
east (nE = 56) or west (nW = 23) (Fig. 16B). The average plunge of fold hinges is 17° with a standard devi-
ation of 11° and maximum plunge of 41°. Based on the MAM method, the transport direction of the 
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RMTD is estimated as 335° azimuth (Fig. 16B). Other supportive evidence for a north-west palaeoflow 
direction are the dominant north to north-west palaeoflow direction in the basin (Browne et al., 2015; 
Masalimova et al., 2016), the strong north-directed fold vergence indicating a northward component of 
shear, and the north to north-west sense of shear from boudinage structures (Fig. 6E). 
 
Figure 2.16 (A) Three-dimensional schematic sketch showing orientation of axial plane and hinge of folds 
in a mass transport deposit (MTD) with respect to the transport direction. The Mean Axis Method (MAM) 
assumes that fold axes or hinges (red lines) are aligned perpendicular to the transport direction and undergo 
little downslope rotation with transport. (B) Stereonet with fold hinges from the Rapanui mass transport 
deposit (RMTD) color-coded by morphodomain. The two clusters represent fold hinges trending towards 
the east or west. The MAM indicates a transport direction of 335°.   
 
2.5.2 Analysis of Matrix Texture 
Near the headwall, the RMTD matrix is characterized by a monomodal particle size distribution 
both in the upper zone and the bsz with a dominant silt peak (S1, S2 and S6 in Fig. 9B). The samples show a 
dominant silt-size fraction, similar to slope-derived hemipelagic and off-axis/levée-overbank deposits 
(Wang & Hesse, 1996; Jobe et al., 2017; Fildani et al., 2018), which is representative of the RMTD pro-
tolith. Down depositional dip, in the translational morphodomain, matrix samples from the upper zone 
show a predominantly monomodal to weakly bimodal particle size distribution, and are slightly enriched 
in fine-sand fraction (S3, S4 and S5 in Fig. 9B). In contrast, the samples from the bsz in the translational 
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and toe morphodomain, display a strong bimodal grain-size distribution and enrichment in medium-sand 
(S7, S8, S9 and S10 in Fig. 9B). Similar bimodal texture (for example, S10 in Fig. 9B) has been documented 
in other MTDs (Cremer & Stow, 1986; Wang & Hesse, 1996; Alonso et al., 2016; Ducassou et al., 2016; 
Schofield, 2016; Bahk et al., 2017; Fildani et al., 2018); however, the morphodomain from which sam-
ples were collected is not typically noted. The bimodal texture in the bsz is interpreted as the result of ero-
sion and entrainment of the underlying sandstone deposits as the RMTD travelled downslope. The down-
dip enrichment in coarser sand of the matrix in the toe morphodomain (S8, S9 and S10 in Fig. 9B) serves as 
evidence for shear-derived mixing with the underlying deposits. Such a phenomenon has been demon-
strated experimentally by Rowley et al. (2011) and is here documented in an outcropping MTD (Fig. 13I 
and J; fig. 3 in Rowley et al., 2011).  
2.5.3 Analysis of Rafted Blocks 
It is well-known that rafted blocks in MTCs and MTDs can travel for kilometers along gradients as 
low as 1° (De Blasio et al., 2004; Alves, 2015; Urlaub et al., 2015). Most rafted blocks show a long axis 
orientation perpendicular to the mass flow direction (De Blasio et al., 2006; Mazzanti & De Blasio, 
2010), which is consistent with the fluid mechanics of bodies moving in a fluid (Batchelor, 2000). Maz-
zanti & De Blasio (2010) demonstrated that the long axis of rafted blocks tend to be parallel to the flow 
direction near the margins of the mass flow where the highest velocity gradients occur — velocity ab-
ruptly goes to zero. Whereas, in the absence of a velocity gradient, such as in the center of the mass flow, 
a torque will align the axis of blocks perpendicular to the flow (Fig. 17A) (Batchelor, 2000). For example, 
Richardson et al. (2011) studied the axial orientation of rafted blocks within a MTC imaged in 3D seismic 
data and showed that the long axis of blocks near the center of the MTC were oriented normal to the flow 
direction, whereas blocks near the margins of the MTC were aligned parallel to the flow direction. Naruse 
& Otsubo (2011) and Odonne et al. (2011) measured the orientation of the long axis of rafted blocks in 
outcrops of MTDs; their results showed that most of blocks have the long axis perpendicular to the flow 
direction and a subordinate group of blocks have the long axis parallel to the flow direction. Enos (1977) 
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proposed that strong clast orientation in debris flow deposits may indicate laminar flow moving the 




Figure 2.17 A) Plan view of schematic sketch of the Rapanui mass transport deposit (RMTD) illustrating 
orientation of rafted blocks with respect to transport direction and velocity vectors. Note that the long axis 
of rafted blocks (yellow dotted line) tend to be parallel to the flow direction near the margins of the mass 
flow where the highest velocity gradients occur (i.e. velocity abruptly goes to zero outside of the mass 
flow). In contrast, rafted blocks near the center of the mass flow have their long axis aligned perpendicular 
to the flow direction in response to a torque due to the absence of a significant velocity gradient (Mazzanti 
& De Blasio, 2010). (B) Rose diagram showing long axis orientation of rafted blocks in the RMTD. Blocks 
have been classified according to the morphodomain they are found in. The estimated palaeoflow direction 
of the RMTD using the Mean Axis Method (MAM) is displayed for reference. (C) Schematic representation 
of a rafted block within the RMTD matrix and associated equations. The weight of a rafted block (W) is 
counteracted by the buoyancy force (B) and the yield strength of the matrix (κ) (Johnson, 1970). See text 
for and explanation of the terms in the equation. (D) Histogram of rafted block diameter from blocks in the 
RMTD. The maximum diameter is 13.3 m.  
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In the case of the RMTD, the majority of blocks are found in the translational morphodomain and 
near the basal portion of RMTD — suggesting a strong shearing component near the bsz (Sobiesiak et al., 
2016). The long axis of the blocks show a dominant orientation oblique-to-perpendicular to the north-
west flow direction (Fig. 17B). Furthermore, some blocks are aligned north to north-west, thus being par-
allel to the main palaeoflow direction (Fig. 17B). These results support the estimated north to north-west 
palaeoflow direction of the RMTD using the MAM (Fig. 16B). Nonetheless, we acknowledge the implicit 
bias imposed by the north to north-east trend of the outcrops, while measuring the long axis of the blocks; 
therefore, this method should be used in combination with others.  
2.5.4 Flow Competence and Yield Strength 
The boulder-sized blocks and megablocks floating in the RMTD matrix were used to estimate the 
yield strength of the deposit. Yield strength (i.e. shear strength) is the maximum shear stress a material 
can withstand before it begins plastic deformation (Johnson, 1970). The yield strength is a critical rheo-
logical parameter of mass flows because it influences their competence, which determines the maximum 
size of blocks that can be transported by the flow (Johnson, 1970; Hampton, 1975). In addition, flow 
competence influences the maximum runout distance of the flow (Huang & Garcıá, 1999; De Blasio et 
al., 2004). Thus, the weight of the largest rafted block within an MTD can be used to estimate the deposit 
yield strength (Johnson, 1970).  The weight of a rafted block is counteracted by the buoyancy force and 
the yield strength of the MTD (Middleton & Hampton, 1976). Fundamentally,  the block is supported by 
these two factors (Johnson, 1970; Joanne et al., 2013) (Fig. 17C). Johnson (1970) established this rela-
tionship mathematically: 
ρrb g (1/6 π D3) = ρm g (1/6 π D3) + 1.4 κ π D2         (1)  
where ρrb is the rafted block density (kg/m3) and ρm is the MTD matrix density (kg/m3), D is the 
maximum block diameter (assumed to be spherical; m) and κ is the yield strength (Pa) of the MTD ma-
trix. It is important to note that the yield strength varies temporally and spatially as water and substratum 
material are entrained or de-trained during downslope movement; minor changes (2 to 4%) in sediment 
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concentration may produce order of magnitude variations in yield strength (Major & Pierson, 1992; 
Iverson, 2003). Therefore a yield strength averaged over an entire MTD may not be reflective to the na-
ture of the material at any one point, and such averaging of material properties may lead to erroneous con-
clusions (Joanne et al., 2013). Because sizes of rafted blocks vary throughout different regions of the 
MTD, one can calculate the variable yield strength of the MTD in different areas to obtain a more spa-
tially meaningful understanding of the yield strength in the MTD.  
For the RMTD case study, the following values are used; a block density of 2000 kg/m3 based on 
the composition of rafted blocks from the outcrop, and a matrix density of 1500 kg/m3 based on the docu-
mented average matrix density of other submarine MTDs (Elverhøi et al., 2000; Sohn, 2000; Cook & 
Sawyer, 2015). The diameters of the rafted blocks in the RMTD range from average values around 4.3 m  
to a maximum value of 13.3 m (Fig. 17D). Using a minimum block diameter value of 4.3 m and a maxi-
mum of 13.3 m with Eq. 1, the calculated yield strength of the RMTD is between 3 to 8 kPa. These values 
are near the lower end in the range of commonly estimated yield strengths for submarine debris flows; 
i.e.10 to 25 kPa (Elverhøi et al., 2000; De Blasio et al., 2004; 2005). Moreover, estimation of the yield 
strength of an MTD provides insight into its runout distance. Based on numerical models, Marr et al. 
(2002) concluded that yield strength seems to be the most important parameter in determining the runout 
distance of submarine mass flows. In general, the higher the yield strength, the shorter the runout distance 
(Elverhøi et al., 2000; De Blasio et al., 2004). From the calculated values of the yield strength of the 
RMTD, the runout distance can be reasonably over 10 km (Marr et al., 2002).   
2.5.5 Overpressure in the Basal Shear Zone 
Several rafted blocks near the bsz show flow-related or flowage fabric around their margins (Figs 
11A, 11B, 13E and 13F), which provides evidence of fluidization in their fragmentation  (Collinson, 
1994; Nichols, 1995; Callot et al., 2008; Odonne et al., 2011; Ogata et al., 2012). These disrupted zones 
around the blocks are 10 to 30 cm thick and gradually diffuse into the RMTD matrix (Fig. 11A). Similar 
features around rafted blocks were described by Sobiesiak et al. (2016b). A thin-section taken from a 
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flowage fabric around a rafted block near the bsz shows a pillar-type water escape structure with elutria-
tion of particles (Fig. 11B and C) (Owen, 1987). Further investigation reveals an anomalous upward-ori-
entated texture of the fine-sized grains in the flowage fabric that is perpendicular to the bedding of unde-
formed beds in the substratum (Fig. 11C to F). This flowage fabric implies penecontemporaneous pore 
pressure dissipation during and/or immediately after block emplacement (Lowe, 1975; Collinson, 1994). 
Overpressure conditions near the base of the RMTD are required to mobilize and align grains, as ob-
served in thin section (Allen, 1982b, 1985). Such high basal fluid pressure is a typical condition evoked to 
explain the long runout distances of mass flows (Iverson, 1997; Gee et al., 1999; Major & Iverson, 1999; 
Major, 2000; De Blasio et al., 2004; Dakin et al., 2013; Ogata et al., 2014; Urlaub et al., 2015; Hodgson 
et al., 2018; Zhou et al., 2018). 
To calculate the minimum palaeofluid pressure required to develop the preferentially upward-ori-
ented grains in the flowage fabric (Fig. 11E), the following assumptions are made: a siliciclastic grain 
density (ρg) of 2650 kg/m3 (Ilstad et al., 2004), a water density (ρf) of 1000 kg/m3, a porosity of (φ) of 
50% which is a representative value of recently deposited MTDs near the sea floor (Dugan et al., 2007; 
Pecher, Barnes, LeVay, and Scientists, 2018) and the acceleration due to gravity (g) of 9.8 m/s2. These 
assumptions yield a bulk density (ρb) of 1825 kg/m3 for the RMTD. This bulk density is used to calculate 
the critical head gradient (icrit = [(ρb -ρf) g]/(ρf g)). This critical head gradient is required for vertical fluid 
flow to mobilize grains. Solving for icrit yields a head gradient of 1.65 m/m, which is equal to an overpres-
sure gradient of 16.2 kPa/m. Assuming that the top of the RMTD was the sea floor at the time of deposi-
tion, then the overpressure required at the base of the RMTD to vertically mobilize the grains can be cal-
culated by multiplying the RMTD thickness by the calculated overpressure gradient of 1.65 m/m. For the 
average thickness of the RMTD (7.4 m), the estimated overpressure or pore pressure at the base of the 
RMTD is ca 120 kPa, and an overpressure of ca 240 kPa where the RMTD is thickest (15 m).  
2.5.6 Statistical Relationships Between the Basal Shear Zone, Rapanui Mass Transport Deposit 
and Other Deposits 
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Alves & Lourenço (2010) documented meter-thick basal shear zones (bsz’s) underlying rafted 
megablocks in outcrops of MTDs in Crete, Greece. Furthermore, Rusconi (2017) showed evidence of sig-
nificant erosional/deformational bsz’s below rafted blocks in MTCs imaged in 3D seismic data offshore 
New Zealand (Fig. 18A). The data from the RMTD show that there is a statistically significant relation-
ship (p-value = 0.00424) between the bsz thickness and the number of rafted blocks overlying the zone 
(i.e. rafted block count) (Fig. 18B). Areas with higher count of rafted blocks in the RMTD are associated 
with a thick bsz. This is interpreted to indicate an increase in flow competence (i.e. yield strength) in the 
RMTD resulting in the entrainment of blocks. The thickening of the bsz, as deformational or erosional, in 
the areas of high concentration of rafted blocks, corresponds with an increase in basal shear stress.  
Similarly, yet statistically less significant (p-value = 0.0125), thicker portions of the RMTD corre-
spond with an increase in rafted blocks in the matrix (Fig. 18C). In contrast, data from the RMTD show 
no statistical correlation between the bsz thickness and the thickness of the remobilized material (p-value 
= 0.79). Although it is tentative to imply that thicker MTDs will produce thicker bsz’s as suggested by 
Gill (1979), data from the RMTD do not indicate a statistically conclusive relationship between these two 
properties. 
Based on measurements collected in outcrops of MTDs (Alves & Lourenço, 2010; Sobiesiak et al., 
2018; this study), the bsz ranges in thickness from 0.6 to 20 m, and averages 1.3 m. In contrast, the bsz 
thickness estimated from remotely-sensed data (for example, seismic, multibeam bathymetry, etc.) can be 
as thick as 100 m, and averages 14.4 m (Fig. 19) (Hampton et al., 1996; Gardner et al., 1999; Gee et al., 
1999, 2006, 2007; Deplus et al., 2001; Bohannon & Gardner, 2004; Haflidason et al., 2004; Normark et 
al., 2004; Lee, 2005; Lee et al., 2006; Vanneste et al., 2006; Frey-Martínez et al., 2006; Greene et al., 
2006; Hjelstuen et al., 2007; Minisini et al., 2007; Sultan et al., 2007; Moscardelli & Wood, 2008; Alves 
et al., 2009; Bull et al., 2009; Steventon et al., 2019). This order of magnitude discrepancy between out-
crop and remotely-sensed data is interpreted as the result of data resolution. The remotely-sensed bsz’s 
are over-interpreted in terms of their thickness and caution should be used in such interpretations, due to 




Figure 2.18 (A) Seismic section from Plio-Pleistocene mass transport complex (MTC) in the Deepwater 
Taranaki Basin (Rusconi, 2017). Note the presence of a rafted megablock overlying a basal shear zone (bsz) 
evidencing erosion and deformation. (B) Plot of rafted block count versus bsz thickness in the Rapanui 
mass transport deposit (RMTD). The number of rafted blocks in the RMTD were counted approximately 
every 3 m along the total exposure of the RMTD outcrops. Analyses of data resulted in a statistically sig-
nificant relationship (p-value = 0.00424) between the bsz thickness and the number of rafted blocks over-
lying the zone (i.e. rafted block count). In other words, areas with higher count of rafted blocks are associ-
ated with thick erosional and/or deformational bsz’s. (C) Plot of rafted block count versus RMTD thickness. 
Although statistically less significant (p-value = 0.0125), there is a correlation between thicker portions of 





Figure 2.19 (A) Cumulative probability plot of basal shear zone (bsz) thickness for outcrop (dashed line) 
and remotely-sensed (solid line) cases as reported from several published studies (Hampton et al., 1996; 
Gardner et al., 1999; Gee et al., 1999, 2006, 2007; Deplus et al., 2001; Bohannon & Gardner, 2004; 
Haflidason et al., 2004; Normark et al., 2004; Lee, 2005; Lee et al., 2006; Vanneste et al., 2006; Frey-
Martínez et al., 2006; Greene et al., 2006; Hjelstuen et al., 2007; Minisini et al., 2007; Sultan et al., 2007; 
Moscardelli & Wood, 2008; Alves et al., 2009; Bull et al., 2009; Steventon et al., 2019). (B) Cumulative 
probability plot of bsz thickness for outcrop examples: the Rapanui mass transport deposit (RMTD) (solid 
line) and Crete and Cerro Bola MTDs (dashed line) (Alves & Lourenço, 2010; Sobiesiak et al., 2018). 
 
2.6 Discussion  
2.6.1 Slope Failure Analysis and Inferred Trigger of the Rapanui Mass Transport Deposit  
Earthquakes in the tectonically active Taranaki Basin may have played a fundamental role in trig-
gering many failures in the basin during the Late Miocene. However, the Taranaki Basin also experienced 
a significant increase in sedimentation rates during the Late Miocene from ca 60 to 200 cm/kyr (2 mm/yr) 
(Maier et al., 2016), which in turn could have caused overpressure conditions. Basins with sedimentation 
rates more than mm/yr are prone to develop large-scale, regional overpressure (Neuzil, 1995; Osborne & 
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Swarbrick, 1997; Dugan & Sheahan, 2012). This sedimentation-driven overpressure is cited as one mech-
anism of slope failure (Hampton et al., 1996), and can alone induce failure only in extreme cases (Mello 
& Pratson, 1999; Stigall & Dugan, 2010).  
 A 1D numerical model is employed here to test overpressure genesis during deposition of the 
RMTD. A sedimentation rate of 200 cm/kyr (2 mm/yr) (Maier et al., 2016) and uncompacted deposit 
thickness of 30 m were used to estimate sedimentation-driven overpressure (i.e. fluid pressure in excess 
of hydrostatic due to high sedimentation rate) using the analytical solution presented by Gibson (1958). 
Based on model simulation, sedimentation-driven overpressure is less than 3% of the lithostatic pressure 
(i.e. overburden stress) in the RMTD for the 200 cm/kyr sedimentation rate, and thus insufficient for initi-
ating failure (Fig. 20) (Dugan & Sheahan, 2012). Alternatively, sedimentation-driven overpressure is sug-
gested to have preconditioned the slope for failure of the RMTD, but was not likely the sole trigger; an 
additional concomitant driving force, such as seismic acceleration (Stigall & Dugan, 2010), bottom cur-
rents (Prieto et al., 2016; Maselli & Kneller, 2018) or lateral fluid flux (Dugan & Flemings, 2000; 
Yardley & Swarbrick, 2000; Flemings et al., 2002) was required to initiate failure. As a first-order ap-
proximation, a sedimentation rate of 100 m/kyr — an order of magnitude higher than 200 cm/kyr, but ge-
ologically feasible (Sadler, 1981) — would have been necessary for sedimentation-driven overpressure to 
have triggered the RMTD (Fig. 20). 
2.6.2 Classification and Depositional Evolution of the Rapanui Mass Transport Deposit 
Moscardelli & Wood (2008) have classified MTCs/MTDs into two generic categories: (i) attached-
MTDs, which sit in a position relatively proximal to the shelf and upper-slope depositional systems, and 
are sourced from those areas; and (ii) detached-MTDs, which sit in a position distal from any shelf break 
and are sourced from a variety of distal topographies/bathymetries (for example, canyon walls, mud/salt 
ridges, levée complex, etc.). Moreover, Moscardelli & Wood (2015) showed quantitative distinctions be-
tween morphometric parameters (i.e. length, area, volume and thickness) of attached versus detached 
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MTCs/MTDs. Generally, attached MTCs/MTDs are regionally extensive, occupying hundreds to thou-
sands of square kilometerss in area and tens of kilometers in width and length, whereas detached 
MTCs/MTDs are smaller, occupying less than tens of square kilometers in area and a few kilometers in 




Figure 2.20 Pressure versus depth plot showing results of simulations from 1D numerical model of sedi-
mentation-driven overpressure in the Rapanui mass transport deposit (RMTD) for different sedimentation 
rates (for example, 200 cm/kyr, 1000 cm/kyr, and 100 m/kyr). Sedimentation-driven overpressure is less 
than 3% of the lithostatic pressure (i.e. overburden stress) in the RMTD for 200 cm/kyr sedimentation rate, 
and thus insufficient for initiating failure. A sedimentation rate of 100 m/kyr reaches the 80% lithostatic 
pressure threshold around 15 m, which could have theoretically initiated the mass failure responsible for 
the RMTD.  
 
Therefore, based on morphometric and sedimentological data from the RMTD, this deposit has 
been classified as a detached-MTD, likely sourced from the toe of the slope or a canyon wall (Fig. 21). 
Supporting evidence includes its thickness (ca 3 to 15 m thick) and calculated small area, between 10 to 
30 km2, using methodologies outlined by Moscardelli & Wood (2015). The sedimentological composition 
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of the RMTD, devoid of shelfal material, is dominated by silt-sized sediment indicating a slope setting 
source for the RMTD ‘protolith’. Additionally, Strachan (2002) described Zoophycus, Chondrites and 
Scolicia ichnofacies found in undeformed siltstones equivalent to the RMTD supporting bathyal to abys-
sal depositional settings in a submarine fan system (Hubbard et al., 2012; Knaust, 2017). As shown in the 
Analysis of matrix texture section, the inferred transport direction of the RMTD is to the north-west, simi-
lar to the dominant palaeoflow direction of turbidite deposits during the deposition of the Mount Messen-




Figure 2.21 Depositional evolution of the Rapanui mass transport deposit (RMTD). The RMTD has been 
classified as a detached-MTD (Moscardelli & Wood, 2008) that was likely sourced from the toe of the slope 
or a canyon wall. (A) Conditions before the deposition of the RMTD. During the Late Miocene, the shelf 
was relatively narrow (ca 10 to 15 km wide) and the palaeoflow direction was to the north-west (King et 
al., 1993; Masalimova et al., 2016). The area was dominated by channels and lobes in a submarine fan 
system. These clastic sediments were mixed with coeval volcaniclastic material derived from the submarine 
Mohakatino volcanic arc to the north (Schumaker et al., 2018). (B) High sedimentation rates preconditioned 
the slope for mass failures. The RMTD is triggered near to the toe of slope and travels in a north-west 
direction overlying lobes previously deposited in the abyssal plain. (C) Deepwater sedimentation is re-
sumed, and submarine lobes overlie the RMTD. The present-day coastline is shown by the green line. 
 
 76 
Furthermore, the evolution of the deposits in the RMTD is interpreted as an example of flow trans-
formation in mass flows. Fisher (1983) defined flow transformation as changes in flow behavior between 
laminar and turbulent flow (end members) as a result of changes in particle concentration, thickness of the 
flow (size) and flow velocity (slope) (Dott, 1963; Nardin et al., 1979; Dasgupta, 2003; Moscardelli et al., 
2006; Strachan, 2008). Thus, a single depositional event can include several flow types, with transfor-
mation between flow types (Talling et al., 2012). Such flow transformations have been shown in labora-
tory experiments (Johnson, 1970; Hampton, 1972; Mohrig et al., 1998; Baas et al., 2009; Sawyer et al., 
2012), as well as documented in outcrops (Strachan, 2008; Fallgatter et al., 2016). The outcrops of the 
RMTD also serve as an example of flow transformation. 
The RMTD is interpreted to initiate as a mass flow dominated by plastic rheology near the head-
wall. In the headwall, the RMTD outcrops are identified as a slump (sensu Dott, 1963) with original strat-
ification still preserved, yet contorted and slightly deformed (Fig. 6). In the translational morphodomain, 
as the RMTD travelled downdip entraining ambient fluid and gaining velocity, hence the slump evolved 
into a debris flow with viscous flow regime deformation (Dott, 1963). In this morphodomain, the RMTD 
outcrops are identified as debrites characterized by a complete obliteration of any primary structures/strat-
ification, also known as ‘homogenization’ (Farrell, 1984; Thornton, 1986; Yamamoto & Sawyer, 2012) 
and significant entrainment of underlying deposits (Fig. 7). In the most distally-located toe morpho-
domain, the RMTD is dominated by compressional stress resulting from the buttressing effect created by 
the leading front of the mass flow coming to a halt. In the toe, the RMTD outcrops are identified as 
debrites (Fig. 8). Near the transition between the translational to toe morphodomain, the RMTD deposits 
display a homogenized matrix with deformed rafted blocks (Fig. 12). The folds with the largest amplitude 
in the RMTD are located in the most distal portion of the toe (Fig. 8B). These meter-scale, sheath-like 
folds are composed of sandstone and are encased in a mud-rich matrix. These beds were likely entrained 
from the underlying/peripheral sand-rich deposits and not transported very far, as they still preserve their 
integrity (Dott, 1963). These field-based observations are suggestive that large folds in the toe morpho-
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domains of MTCs imaged in 3D seismic data can indicate a lithology-competency contrast between en-
casing matrix and folded layers (for example, mud-rich matrix and folded sandstone layers as in Fig. 8) 
(Waldron & Gagnon, 2011; Sharman et al., 2015). 
2.6.3 Evolution of the Basal Shear Zone 
The spatial evolution of the bsz also provides insight into the flow transformation of the RMTD 
and the interactions with the substratum (Fig. 22). In the proximal area of the RMTD, the bsz resembles a 
discrete surface/contact with localized shear strain. Deformation is confined within the RMTD and little 
to no deformation extends into the substratum (Fig. 22A). As the mass flow moved downslope, changes 
in boundary conditions — for example, flow acceleration, gradient changes, confinement, fluid entrain-
ment and particle concentration fluctuations (Fisher, 1983; Dasgupta, 2003; Dakin et al., 2013) — can be 
manifested in the nature of the bsz. In some locations in the translational and toe morphodomain, the bsz 
reveals strong interaction between the RMTD and the underlying deposits, demonstrated by the entrain-
ment of fine and medium sand from underlying deposits into the RMTD matrix (Fig. 22B), as well as the 
presence of plucked and rafted blocks from the substratum (Figs 10 and 12). However, there are zones 
where the bsz shows subtle to weak interaction between the RMTD and the underlying deposits (Fig. 13C 
and D). These zones of no evident erosion or deformation in the bsz are interpreted as episodes where the 
mass flow effectively decouples from the substratum. Several mechanisms have been suggested that can 
create these ‘bypass’ zones (Sobiesiak et al., 2018): (i) hydroplaning (Mohrig et al., 1998; Toniolo et al., 
2004; Dakin et al., 2013) which decouples the mass flow from the substratum via a fluid layer that sup-
press remobilization and erosion; (ii) shear wetting (De Blasio et al., 2005) described as a reduction of 
yield strength at the bottom of the mass flow due to the incorporation of water, which results in an effi-
cient lubrication mechanism; and (iii) ‘overpressured carpet’ (Odonne et al., 2011; Ogata et al., 2014) that 
forms as a result of liquefaction in the base of the mass flow. The overpressured carpet mechanically sep-
arates the mass flow from the substratum, thus reducing the internal frictional forces. The common occur-
rence of liquified sandstone near the bsz (Figs 11B, 13G and 13H) implies concomitant conditions of high 
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pore pressure during mass transport.  It is noteworthy that changes in the bsz of the RMTD, from nearly 




Figure 2.22 Rapanui mass transport deposit (RMTD) conceptual model and close-ups showing the spatial evolution of the basal shear zone (bsz) at 
the outcrop-scale and microscopic-scale. The deposits at each morphodomain of the RMTD (i.e. headwall, translational and toe) are reflective of the 
dominant stress acting during remobilization (i.e. extensional, shear or compressional stress). The deposits in the RMTD are an example flow 
transformation in mass flows. Near the headwall, the RMTD is identified as a slump, whereas in the translational and toe, the RMTD is identified 
as debrites. (A) Close-up of the bsz in the headwall. Note that the deformation in the bsz is confined within the RMTD protolith and little to no 
deformation extends into the substratum. The thin section shows minor deformation with original stratification still recognized. Grain-size distribu-
tion curve from the RMTD matrix is monomodal and reflective of the protolith texture. (B) Close-up of the bsz in the translational. The bsz reveals 
interaction with the substratum either as being deformational or erosional. Similarly, the thin section shows evidence of significant matrix disruption 
(for example, microfolding and microfaulting) and entrainment of coarser material from the substratum.  Grain-size distribution curve from the 
matrix is bimodal with a major fine-sand component likely entrained from the substratum. (C) Close-up of the bsz in the toe. Note that the bsz has 
become a zone of deformation encompassing the overriding mass flow and the upper part of the substratum. Primary stratification has been oblite-
rated as exemplified by the thin section with a completely churned up matrix devoid of any stratification. Additionally, the grain-size distribution 
curve is strongly bimodal, and the enrichment of medium-sand particles is the result of entrainment from the substratum.   
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2.6.4 Implications for Seal Assessment of Mass Transport Deposits in Petroleum Systems 
In the past decades, the roles that MTCs/MTDs can play in the petroleum system have been 
broadly recognized; MTDs can act as reservoirs (Sawyer et al., 2007; Shanmugam, 2012; Allen et al., 
2013; Arfai et al., 2016; Bhatnagar et al., 2018; Li et al., 2018), seals (Algar et al., 2011; Cardona et al., 
2016), or source elements (Tanavsuu-Milkeviciene & Sarg, 2012; Johnson et al., 2015). Numerous chal-
lenges still exist regarding the prediction of sealing capacity of MTDs that cannot be resolved with only  
seismic data (Aplin & Macquaker, 2011; Cardona et al., 2016). 
This work has demonstrated that the texture in the matrix of a MTD can vary spatially — from 
proximal to distal morphodomains — because sediments from underlying deposits are entrained by the 
overriding mass flow. This phenomenon can result in creation of a bimodal grain size and bimodal pore 
size distributions, especially if the MTD erodes into sand-rich substratum. This enrichment in sand con-
tent can hinder the MTD seal competence. Experiments by Dewhurst et al. (1999) demonstrated that 
modifications in pore size distributions results in differences in hydraulic conductivity by about two or-
ders of magnitude at any given porosity. Cardona et al. (2016) studied a mud-dominated MTD acting as 
the seal unit of the Jubilee gas field in offshore Gulf of Mexico; this work shows that a coarse-silt rich in-
terval in this MTD is associated with a bimodal pore size distribution and poor seal capacity. 
Finally, the present work shows field evidence of syn-depositional high pore pressure conditions in 
the bsz of an MTD, and that rafted blocks can provide localized pathways for upward fluid migration. 
Work by Gamboa & Alves (2015) using seismic data, demonstrated that rafted blocks in a MTC provide 
points of fluid escape, thus diminishing the sealing effectiveness of the deposit. This work in the RMTD 
illustrates field evidence that sand-rich rafted blocks provide pathways for fluid migration, thus rafted 
blocks can compromise the seal potential of MTDs in the subsurface.  
2.7 Conclusions 
The Upper Miocene Rapanui mass-transport deposit (RMTD) of the Lower Mount Messenger For-
mation – exposed for almost 4 km along coastal cliffs in the Taranaki Basin, New Zealand – has been 
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quantitatively described and characterized. The average uncompacted thickness of this submarine MTD is 
7.4 m but it can be as thick as ca 15 m. The RMTD is classified as a detached-MTD based on its silt-dom-
inated lithology and ichnofacies assemblages that indicate a source area in bathyal to abyssal settings in a 
submarine fan system. This study provides the following conclusions:  
It is proposed that sufficiently well-exposed outcrops of MTDs can be divided from proximal to 
distal with respect to the sediment source, into three morphodomains (i.e. headwall, translational and toe) 
based on dominant stress and strain, associated sedimentary structures and degree of obliteration of pri-
mary structures (‘matrix homogenization’).  
The basal shear zone provides insights into flow transformation of mass flows. The nature of the 
basal shear zone (bsz) as non-erosional, erosional or deformational, records changes in the flow dynamics 
of the RMTD; as bypassing (non-erosive), tractional (erosive) or deformational mass flow. These differ-
ent flow behaviors can develop over short distances (<100 m) as boundary conditions change during mass 
flow. Due to the highly variable nature of the bsz, care must be taken when making interpretations of 
gross flow dynamics based on one-dimensional data, for example, core or well-log data. 
The bsz of the RMTD can be as thick as 3.5 m and has an average thickness of 0.73 m. The thick-
ness of this zone varies in a periodic pattern and is characterized by gently-inclined to recumbent tight 
shear folds and ptygmatic folds, convoluted bedding, clastic injectites, and liquefied sandstone. These 
sedimentary structures indicate rapid deposition and episodes of penecontemporaneous high pore pres-
sure. The pore pressure calculated at the base of the RMTD is ca 120 kPa, and can be as high as 240 kPa.  
Samples from the RMTD matrix exhibit grain-size distributions which are distinct from those of 
hemipelagic muds and well-sorted turbidites. In general, samples near or from the bsz display a strong 
bimodal grain-size distribution, whereas samples from the upper body of the RMTD show monomodal to 
weakly-developed bimodal distributions. At the toe, the bsz matrix displays a strong bimodal grain-size 
distribution as the result of entrainment of coarser sand from underlying deposits by a phenomenon 
known as shear-derived mixing. Additionally, grain-size analyses of samples from the RMTD matrix sup-
port the idea of hampered mixing between the upper zone and the basal shear zone in the RMTD.  
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No statistical correlation between the bsz thickness and the RMTD thickness was determined. In 
contrast, thickening of the bsz is statistically correlated with a higher count of rafted blocks in the RMTD, 
reflecting an increase in flow competence in these areas.  
An approach to estimate the yield strength (flow competence) of the RMTD is demonstrated using 
the diameter of rafted blocks and the equation established by Johnson (1970). Most rafted blocks in the 
RMTD show a dominant orientation with their long axes oblique to perpendicular to the palaeoflow direc-
tion.  
Sedimentation-driven overpressure was tested as a possible trigger for? the RMTD using a 1D nu-
merical model. Maier et al. (2016) estimated a sedimentation rate of 200 cm/kyr (2 mm/yr) during the 
Late Miocene in the Taranaki Basin. This high sedimentation rate preconditioned the slope for mass fail-
ure,s but was not likely the sole trigger for the RMTD. It is concluded that an additional driving force (for 
example, earthquake activity) was required to trigger the RMTD. 
Results from the RMTD show that shear-derived mixing and the presence of rafted blocks in a 
MTD can pose a significant risk to its seal capacity. The seal integrity in the toe of an MTD can be espe-
cially at risk because of the presence of thrust faults, folded sandstone beds and entrainment of coarser 
sediments in the MTD matrix, particularly in cases where the MTDs interact with underlying sand-rich 
deposits. Similarly, the seal integrity of an MTD near the headwall can be at risk due to the presence of 
fractures and faults. Based on this work, it is proposed that the translational morphodomain offers the 
higher potential to create seal facies in an MTD; however, caution must be taken, as the presence of rafted 
blocks in this morphodomain can create points of upward fluid migration (seal bypass).  
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PHYSICAL PROPERTIES AND MICROSCOPIC FABRIC OF WEAK LAYERS IN SUBMARINE 
LANDSLIDES: AN EXAMPLE FROM A REACTIVATED SUBMARINE LANDSLIDE, IODP EXPE-
DITION 372, NEW ZEALAND 
Abstract 
The presence of a weak stratigraphic interval is often cited to explain the occurrence and/or reacti-
vation of submarine landslides, but little is known about their origin and nature. We documented and 
characterized a weak layer of a reactivated submarine landslide, Tuaheni Landslide Complex (TLC), off-
shore New Zealand using a whole core acquired during IODP Expedition 372. Previous works have sug-
gested that this landslide complex has experienced repeated reactivation episodes and is composed of at 
least two stacked deposits of submarine landslides. Here we studied the deposits of the upper most Tua-
heni submarine landslide. Deformation is cryptic throughout this landslide deposit and predominantly ac-
commodated in a basal zone with low shear strength (i.e., weak layer). This weak layer has an anomalous 
reduction in shear strength, porosity, and permeability that cannot be attributed to normal consolidation or 
compositional changes. We conclude that the properties in the weak layer are the result of mechanical 
changes that includes clay particle rearrangement forming “clay bridges”. When coupled with episodes of 
fluid flow (e.g., gas hydrate dissociation, free gas migration), the physical properties and fabric of the 
weak layer may promote buildup of pore fluid pressure near the base of the landslide leading to its reacti-
vation. The proposed process has global implications since these conditions (i.e., submarine landslides, 
weak layers, and subsurface fluid flow) can be found in other margins around the world. 
3.1 Introduction 
Deformation in creeping landslides is not widespread throughout the landslide body and most strain 
is localized within the basal slip zone. The slip zone of landslides are natural shear zones produced under 
variable stress levels near the base of the landslide during movement and the stresses often propagate 
through different types of heterogeneities (Wen and Aydin, 2004). In creeping landslides, this basal slip 
zone acts as a “conveyor-belt” accommodating most of the deformation and transporting the overlying 
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material downslope (Mountjoy et al., 2009). The initial movement and reactivation of a landslide is con-
trolled by the mechanical behavior of the material in the slip zone (Alberti et al., 2019). The shear 
strength of the slip zone is the principal factor governing landslide occurrence and reactivation (Naka-
mura et al., 2010). Nonetheless, few studies exist on the physical and microscopic properties of slip 
zones. This is especially true in subaqueous settings, due to the obvious difficulties in locating and sam-
pling the slip zones in submarine landslides, which can often be obliterated during failure (Urlaub et al., 
2018). Locat et al. (2014) defined weak layers as a layer of sediment that has peak or residual strength 
sufficiently lower than that of adjacent units causing development of a slip surface. Strain-softening of 
weak layers could be the cause of many large-scale, progressive failures in gentle submarine slopes 
(Locat et al., 2014). Additionally, it is not always clear if the weak layer existed prior to the landslide or 
resulted from the same failure mechanisms that caused the slide (Locat et al., 2014). Nevertheless, several 
submarine landslides have been linked to a weak layer (Haflidason et al., 2003; L’Heureux et al., 2012). 
For example, the Storegga slide, one of the largest documented submarine landslides, has been attributed 
in part to the presence of weak layers (Haflidason et al., 2003; Kvalstad et al., 2005). Weak layers are of-
ten attributed to a compositional contrast [e.g., sediments having been deposited in a different geological 
setting, diatom- or tephra-rich layer (Harders et al., 2010; Urlaub et al., 2018; Miramontes et al., 2018)] 
and/or increase in pore fluid pressure (Pecher et al., 2018; Sawyer et al., 2019). Based on numerical and 
experimental modelling, weak layers could also be a product of strain softening in sensitive clays (Dey et 
al., 2016). A better understanding of weak layers in submarine slopes can improve the identification of 
incipient rupture zones and enable early identification of potential catastrophic landslide events. In this 
study, we advance the understanding of weak layers by providing a detailed characterization of the weak 
layer of the upper-most landslide located in the Tuaheni Landslide Complex (TLC). The TLC is com-
posed of at least two landslide deposits (Gross et al., 2010; Couvin et al., 2020) named here as the Tua-
heni submarine landslide-1 (TSL-1) and TSL-2. 
The TLC is located on the upper continental slope of the Hikurangi margin, offshore New Zealand, 
in an area locally undeformed by major tectonic faulting and folding with seafloor slopes varying between 
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2.5-6.5° (Mountjoy et al., 2009) (Fig. 1). International Ocean Discovery Program (IODP) Expedition 372 
logged and cored Site U1517 (38°49ʹ47” S, 178°28ʹ34” E, 720 m water depth) through the TLC (Figure 
3.1A). Cores recovered through the body of the TSL-1 (~3-31 mbsf) including its basal slip zone, the 
TSL-2 (~31-66 mbsf) and underlying sedimentary sequence. The TSL-1 exhibits features of active, slow-
moving, terrestrial earthflows that appear to be creeping rather than failing catastrophically (Mountjoy et 
al., 2009; Carey et al., 2019). It has been proposed that repeated reactivation of this landslide may be re-
lated to underlying gas hydrate-free gas system (Mountjoy et al., 2014) (Figure 3.1B). Gross et al. (2018) 
mapped out an internal reflection approximately between TSL-1 and TSL-2 and hypothesized that it is a 
critical horizon for landslide deformation and likely to acts as a basal shear zone. In this study, we analyze 
the physical properties and microscopic fabric from the TSL-1 and its internal weak layer interpreted to 
control landslide initiation/reactivation. Our results reveal that the formation of a weak layer at the base of 
the TSL-1 can be the consequence of mechanical deformation (e.g., strain weakening) rather than compo-
sitional changes.   
3.2 Data Acquisition and Methods 
During IODP Expedition 372, core through the TLC were collected at Site U1517 to 188 m below 
sea floor (mbsf) with a recovery of 94% using the Advanced Piston Corer system. Shipboard measure-
ments of the core include natural gamma ray (NGR), magnetic susceptibility (MS), moisture and density, 
undrained shear strength (Su), and bulk-powder X-ray diffraction (XRD) (Pecher et al., 2019). Porosity 
and permeability of discrete core samples were measured in a shore-based laboratory. Thin sections from 
key intervals were prepared for further analyses using petrographic and backscatter scanning electron mi-
croscopy (BSEM) analyses. Samples for the thin sections were collected perpendicular to the bedding 
plane observed in the core and vacuum-sealed to preserve original structures. XRD for the clay-size frac-







Figure 3.1 A) Multibeam bathymetry map of the study area showing two main lobes in the Tuaheni land-
slide complex (TLC) and its deformation features, including headscarps, hummocky morphology, and shear 
lines, etc. The blue and transparent polygons indicate zones of extension and compression, respectively. 
Location of the Site U1517 logged and cored during IODP Expedition 372 is on the map at a water depth 
of 720 m. White contours represent water depth. Inset on the lower left corner shows gas flares in the 
southwestern edge of the TLC imaged during seismic data acquisition (Gross et al., 2018). B) Tan1114-
10B seismic profile through the TLC and Site U1517. Vertical scale was calculated using an average ve-
locity of 1.6 km/s.  The basal slip surface of the TSL-1 is shown by the green-dotted line. Note that the 
compressional zone is dominated by reverse faults (red lines) whereas the extensional zone is dominated 
by normal faults (blue lines), both bounded within the body of the TSL-1. The base of the gas hydrate 
stability zone (BGHS) is around 160 meters below seafloor at Site U1517. (TWT: Two-way travel time). 
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3.3 Results and Interpretation 
3.3.1 Physical Properties of the Tuaheni Submarine Landslide-1 and the Weak Layer 
Visual inspection of the core combined with MS measurements helped interpret the interval of the 
TSL-1 as occurring from ~3-31 mbsf at Site U1517. Lithology is dominated by alternating sand-mud lay-
ers, alternating silt-clay layers, and silty clay deposits (Figure 3.2). Based on bulk-powder XRD analyses, 
the dominant components are clay minerals (43 wt.%) and quartz (31 wt.%) and minor components are 
feldspar (16 wt.%) and calcite (9 wt.%). The clay-size fraction is dominated by smectite (55 wt.%) and 
illite (34 wt.%) and minor content of chlorite (10 wt.%) and kaolinite (<1 wt.%). In situ temperatures are 
below 10°C (Barnes et al., 2019), so diagenetic impacts are negligible.  
Within the TSL-1, porosity decreases from ~59% at 4 mbsf to ~ 38% at ~29 mbsf. Such porosity 
reduction is unlikely to reflect only normal compaction (Bartetzko and Kopf, 2007) or compositional/dia-
genetic changes (Peltonen et al., 2009). Sediments below the TLC >66 mbsf show an abrupt increase in 
porosity with values >47%—this porosity is considerably higher than compositionally equivalent deposits 
at shallower depths in the TLC. Similarly, permeability declines following a power-law within the TSL-1 
interval from 1.51*10-15 to 0.165*10-15 m2 and abruptly increases to values >1.0*10-15 m2 below ~70 mbsf 






Figure 3.2 Sediment and physical properties summary of core at Site U1517. Seismic section with the Tua-
heni submarine landslide-1 (TSL-1) (yellow transparency) and TSL-2 (purple transparency) that make up 
the TLC.  The bottom of gas hydrate stability zone (BGHS) is at ~162 mbsf (yellow arrows). From left to 
right, track 1 is depth in meters below seafloor (mbsf). Track 2 is the shear strength (black solid line) and 
the X-ray diffraction (XRD) results (scale on bottom of track) in weight percent (wt%). XRD bulk values 
are normalized such that total clay minerals (smectite + illite + chlorite + kaolinite) + quartz + feldspar 
(plagioclase + K-feldspar) + calcite = 100%. Track 3 is the normalized XRD results for the clay fraction 
(smectite, illite, chlorite, kaolinite). Track 4 is porosity in volume percent (vol%) and track 5 is permeability 
(m2). Track 6 is the natural gamma ray (NGR) in counts-per-second (cps). Track 7 is the lithology inter-
preted from visual inspection and track 8 is the magnetic susceptibility (MS). Red rectangle from 3 to 31 
mbsf is the interpreted interval of the TSL-1 at U1517 and the red transparency zone between 27-31 mbsf 
is the weak layer. 
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3.3.1.1 The Weak Layer of the Tuaheni Submarine Landslide-1 
Su varies by more than 300 kPa within the TSL-1—an extreme range when compared with analo-
gous deposits at similar burial depths (Bartetzko and Kopf, 2007; Sawyer and DeVore, 2015). A major 
decrease in shear strength occurs near the base of the TSL-1 between ~27 to 31 mbsf, an interval that we 
interpret as the weak layer. This weak layer has Su values as low as ~10 kPa which do not appear to asso-
ciate with compositional or lithological changes (Figure 3.2). The widespread positive reflection near 33 
mbsf (Fig.2), identified in seismic data as the basal slip surface of the TSL-1 (Gross et al., 2018), concurs 
with a transition into stronger sediments (Su> 100 kPa) below the weak layer (>31 mbsf). In analogous 
subaerial landslides, reduction of shear strength has been explained by sediment deformation via commi-
nution and cataclasis (Zangerl et al., 2010). Porosity and permeability within the weak layer are about 
~41% and 0.165*10-15 m2, respectively, and the lowest measured porosity in the TSL-1 is 38%, and oc-
curs in the weak layer. Porosity increases more than 10 porosity-units below the weak layer whereas per-
meability keeps declining until ~75 mbsf (Figure 3.2). Reduction in porosity and permeability within the 
TSL-1 weak layer is consistent with Dugan (2012) who concluded that reduction in porosity from shear 
strain in submarine failures results in lower permeability at shallow burial depths (<100 m). 
3.3.2 Microscopic Properties of the Weak Layer 
BSEM images of samples from the weak layer reveal distinctive microscopic deformation struc-
tures and fabric atypical of hemipelagic deposits (Clennell et al., 1999) (Figure 3.3A).  The BSEM images 
show framework quartz grains coated by silt and clay particles in turbate structures and a fabric of in-
clined micro-shear zones (Fig. 3A-B). Microscopic fabric parallel to bedding indicates that the major 
principal stress is vertical (e.g., overburden), whereas fabric at an angle to bedding indicates a component 
of shearing (van der Meer and Menzies, 2011). Laser-grain size analysis shows that mean/mode grain di-
ameter becomes finer for samples closer to the slip zone (Fig. 3C). We interpret the reduction of the mean 
grain size and formation of clay coatings as the result of focused comminution during shear strain in the 
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slip zone. Similar structures were identified by Hiemstra (2001) in samples from the slip zone of glacio-
marine mass-transport deposits. We infer that the clay-coatings around framework grains form “clay 
bridges” (Osipov et al., 2005) thus reducing grain-to-grain contacts (inset in Figure 3.3B). Because clay 
minerals have lower frictional coefficients than quartz—particularly smectite (Gratier et al., 2011)— clay 




Figure 3.3 A) Backscatter scanning electron microscopy (BSEM) image of sample from the weak layer in 
the TSL-1 at 30.6 mbsf. Note the inclined micro-shear fabric (dotted-yellow lines) evidencing a component 
of shear strain. B) BSEM micrograph showing framework grains (>63 μ?m) being coated by clay minerals 
and clay-sized particles (traced in yellow). Close-up shows an example of a turbate structure and a clay 
bridge, which prevents the grain-to-grain contact. C) Grain-size plot of samples from core at U1517. Sample 
at 8.8 mbsf is from the upper portion of the TSL-1, sample at 30.6 msbf is from the weak layer, and sample 
at 49.6 mbsf is below the TSL-1.  The reduction in the mean/mode grain size in the sample at 30.6 mbsf 
compared with the other samples is interpreted as the result of grain comminution. 
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3.4 Discussion and Conclusions 
The weak layer in the TSL-1 is not associated with lithological or diagenetic changes with depth 
but results from the reorganization of the clay matrix (i.e., microfabric) around framework grains thus re-
ducing the number of grain-to-grain contacts. We propose that during episodes of sliding, strain is accu-
mulated within the weak layer causing an ongoing strain weakening of the sediments and ensuing the for-
mation of a weak layer. Therefore, the TSL-1 becomes more susceptible to creep along this layer during 
later changes in the stress field. Furthermore, the accumulated strain in the weak layer also produces a 
concomitant decrease in porosity and permeability. This creates ideal conditions for fluids to accumulate 
below the weak layer, which could lead to the buildup of pore pressure and could facilitate further land-
slide reactivation.  
During Expedition 372, gas hydrates were encountered below the TLC between 112-114 and 130-
145 mbsf (Barnes et al., 2019). Numerous gas indicators below the TLC were identified by Gross et al. 
(2018). Where thermodynamics allow, free gas could migrate upwards and accumulate below the low-
porosity, low-permeability weak layer of the TSL-1 increasing pore pressure. Using samples equivalent to 
the TSL-1, Carey et al. (2019) showed experimentally that submarine continental slopes can progressively 
deform through episodic movements when pore pressure is elevated within the slip zone. Interaction 
among creeping events, localized strain in the weak layer, and occurrence of free gas, forms a positive 
feedback in the TSL-1 in which minor changes in pore pressure could more easily trigger new creeping 
episodes (Figure 3.4). However, if a large change in the stress field occurs (e.g., due to an earthquake), 
the TSL-1 could fail catastrophically. This conclusion carries implications for many other margins (Paull 
et al., 1996; Dugan and Flemings, 2000; Holbrook et al., 2002; López et al., 2010).  
Weak layers in other submarine landslides evidently result from compositional heterogeneities 
[e.g., a zeolite-rich or diatom-rich layer (Miramontes et al., 2018; Urlaub et al., 2018)]. However, TSL-1 
was sampled, no changes in lithologic properties were found in the interpreted weak layer near its base. 
The TSL-1 is an example where mechanical deformation is the primary cause of petrophysical changes. 
We conclude that the formation of the weak layer, with physical properties that are quite anomalous for 
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its burial depth (i.e., low porosity and permeability), results from grain comminution and clay rearrange-
ment caused by creep-induced shearing. The formation of “clay bridges” effectively decreases the number 
of grain-to-grain contacts thus weakening the sediments and making them prone to creep. Presence of gas 
hydrate and associated free gas below the TLC create conditions conducive for the buildup of pore pres-
sure that can onset creeping events, cause drilling hazards, and facilitate catastrophic margin failures.  
 
 
Figure 3.4 Schematic illustration of the Tuaheni submarine landslide-1 (TSL-1). The thick-red line repre-
sents the weak layer that accommodates most of the strain in the TSL-1. The close-up insets from the weak 
layer show the microscopic fabric pre-shear and post-shear after experiencing shear stress (τ). Shear defor-
mation causes a reorganization of clay particles around framework grains, thus decreasing the grain-to-
grain contacts. The post-shear microfabric is associated with a decrease in shear strength, porosity, and 
permeability in the weak layer. The physical properties and microfabric of the weak layer make it plausible 
for fluids to be trapped underneath the weak layer. For instance, Gross et al. (2018) mapped evidence of 
free gas below the TLC as well as gas flares in the seafloor (Figure 3.1). This mechanism can be responsible 
for episodes of creeping in the TSL-1 as pore pressure increases thus facilitating the reactivation of the 
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ASSESSING THE SEALING QUALITY OF SUBMARINE MASS TRANSPORT COMPLEXES AND 
DEPOSITS 
Abstract 
Mass transport complexes (MTCs) and their associated mass transport deposits (MTDs)—both re-
ferred to here as submarine failure deposits—are virtually ubiquitous on the modern and ancient sedimen-
tary record of many deepwater basins. As exploration expands to new frontiers, more companies are en-
countering submarine failure deposits in their prospects. Although such deposits were historically consid-
ered facies to avoid from a viewpoint of hydrocarbon exploration, it is now recognized that they can act 
as source, reservoir, or seal elements. In this paper, we set out to investigate the role of submarine failure 
deposits as effective seals in the hydrocarbon system using published data and propose a methodology to 
risk some of the first-order factors at a macro-, meso-, and micro-scale that influence the seal quality of 
submarine failure deposits. We accomplish this by discussing the properties intrinsic to submarine failure 
deposits that affect the seal quality at different scales. Based on published literature, at least six offshore 
fields from the Gulf of Mexico and NW Borneo are reported to have a submarine failure deposit as an ef-
fective seal. These fields combined, account for ~0.9 billion barrels of oil equivalent of cumulative dis-
covered reserves globally, proving the potential of submarine failure deposits as effective seals and a fu-
ture undervalued play concept. We use three case studies to illustrate our methodology. As new frontiers 
in exploration expand, having a systematic methodology to risk leads and prospects where submarine fail-
ure deposits are suspected to act as lateral and/or top seal becomes crucial to rank exploration portfolios. 
Our methodology can be further customized using internal datasets. The seal risk matrix presented and 
developed here is based on more than a decade of research and has been already used by several explora-
tion companies with encouraging feedback. We acknowledge the limitations of the methodology, but fu-
ture interdisciplinary research and integration of new datasets and results will improve the de-risking of 
submarine failure deposits in exploration. Additionally, this methodology can potentially be applied to 
assessing seal potential of submarine failure deposits for carbon capture sequestration projects. 
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4.1 Introduction 
As exploration has begun to target deepwater facies (e.g., slope and basin floor deposits), mass fail-
ure deposits (i.e., MTCs and MTDs) are recognized as a frequent element in the overall stratigraphy of 
deepwater basins. Failure in these seals is costly and leads to a reluctance to explore these trap types due 
to the lack of understanding of the seal capacity of mass failure deposits and a lack of methodology to 
systematically assess their seal risk. The motivation of this research is to provide a systematic methodol-
ogy to assess the seal risk of mass failure deposits, and to examine some of the factors affecting their seal-
ing quality at various scales of investigation from basin to pore scale.  
Importantly, the geographic extent of the seal defines the effective limits of the hydrocarbon sys-
tem (Downey, 1994). Although seal failure is the most widely reported cause of prospect failure (Hall et 
al., 1997; Castillo et al., 2000; Houston Geological Society, 2000, 2003; Rayeva et al., 2014; Rudolph and 
Goulding, 2017), the academic and industrial community continue to focus their research dominantly on 
reservoir (Rayeva et al., 2014; Baur et al., 2018) (Figure 4.1). This emphasis is in part due to a lack of 
methodology to predict seal capacity from seismic data, the dominant data available to explorationists in 
deepwater basins. Moreover, the scale of investigation by seismic data does not provide enough resolution 
to assess seals and currently there is no “silver bullet” approach to predict seal capacity pre-drill. There-
fore, integration of datasets at different scales of investigation (e.g., seismic, wireline, and core scale) is 
key to de-risking seal quality. Just as one might examine seal occurrence over a three-dimensional fault 
plane, seal in mass failures must also be looked at in three-dimensions (3D), using as many tools as avail-
able to the explorer. This research discusses several key factors that impact the seal quality of mass failure 
deposits at a first-order and show multiple case studies from two basins where mass failures deposits are a 





Figure 4.1 A) Well failure analysis as reported in several sources (Hall et al., 1997; Castillo et al., 2000; 
Houston Geological Society, 2000, 2003; Rayeva et al., 2014; Rudolph and Goulding, 2017). Note that half 
of the failures is attributed to ineffective seal. B) Working/Research focus from AAPG ACE 2012, 2016, 
2018 (color-legend is the same for both pie-charts)..  
 
4.1.1 Seal, Seal Capacity and Seal Quality  
In this work, we adopt the seminal definitions by Downey (1984) whereby the term ‘seal’ refers to 
a lithologic unit capable of impeding hydrocarbon movement and ‘sealing surface’ describes the 3-D en-
trapping surface confining a hydrocarbon accumulation. ‘Seal capacity’, as defined by Downey (1984), is 
the maximum hydrocarbon column height a seal can hold back; which is a function of seal entry pressure, 
density difference of water and hydrocarbon phase, and hydrocarbon column height (Berg, 1975; 
Schowalter, 1979; Watts, 1987). Seals need to be analyzed and described within both micro- and macro- 
scales (Downey, 1984 and 1994). Macro-properties of seals include seal lithology, ductility, thickness and 
lateral continuity (Downey, 1994; Sales, 1997), whilst micro-properties are fundamentally a function of 
capillary pressure (Pc) (sealing capacity), which depends on the largest interconnected pore throat radii 
(Washburn, 1921; Downey, 1984):  
Pc = (2γcos θ)/R                      (4.1) 
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where γ is the hydrocarbon-water tension (~0.48 N/m) or interfacial tension; θ is wettability (inter-
faced angle) typically ~140°; and R is the radius of the largest pore-throat. Although wettability and inter-
facial tension also influence sealing capacity, they are a function of the hydrocarbon fluid phase and will 
not be discussed further. In this work, seal quality refers to the combination of micro- and macro-scale 
properties that make a lithologic unit an effective seal. 
4.1.2 Mass-Transport Complexes and Deposits 
Submarine mass failures result in a spectrum of different deposits including slides, slumps, and 
debrites (Dott, 1963; Nardin et al., 1979; Martinsen, 1994; Moscardelli et al., 2006; Talling et al., 2012). 
These deposits can form components of mass transport complexes (MTCs) or mass transport deposits 
(MTDs)—both referred to here as submarine failure deposits. MTDs are the result of a single depositional 
event (Woodcock, 1979; Macdonald et al., 1993; Moscardelli and Wood, 2015), whereas an MTC is a 
depositional architectural complex formed from the amalgamation of coeval and/or cogenetic MTDs 
(Cardona et al., 2020). MTCs are commonly seismically resolvable (ca. >10 m thick), whereas MTDs are 
typically only identifiable at outcrop, core, or wireline log scales (<10 m thick). Nonetheless, some MTDs 
can be thick enough to be resolved in seismic data (Dykstra et al., 2011; Valdez Buso et al., 2015; 
Sobiesiak et al., 2017). Such resolution is dependent on the thickness of the deposit, lithology relative to 
surrounding lithology, and seismic quality and frequency. Lithologically, submarine failure deposits can 
be composed of carbonate (Grajales-Nishimura et al., 2000; Whalen et al., 2014; Jablonská et al., 2018), 
siliciclastic (Gamboa et al., 2010; Ogiesoba and Hammes, 2012; Moscardelli and Wood, 2015), or a 
mixed composition (Hurd et al., 2016; Bhatnagar et al., 2019; Moscardelli et al., 2019). Although their 
occurrence was originally thought to be closely tied to sea level changes (Weimer, 1990; Posamentier and 
Kolla, 2003), the temporal and spatial ubiquity of submarine failure deposits have questioned this percep-
tion (Urlaub et al., 2013; Clare et al., 2016). This study will focus on the seal nature of marine siliciclastic 
submarine failure deposits, yet some of the observations and approaches discussed here can be applied to 
other lithologies, as well as lacustrine environments (e.g., Zhang et al., 2016; Moernaut et al., 2019).  
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In an attempt to predict the lithologic character of submarine failure deposits, Moscardelli and 
Wood (2008) proposed a seismic-scale classification for these deposits into attached- or detached-type 
depending on whether the mass failure originated from the shelf or slope (attached), or originated from an 
isolated bathymetric high not associated with the shelf or slope physiography (detached) (Figure 4.2). At-
tached submarine failure deposits tend to be regionally extensive and can be divided into shelf-attached 
from remobilized shelf sediments and slope-attached from remobilized slope sediments (Moscardelli and 
Wood, 2015). Detached submarine failure deposits are geometrically smaller and associated with local-
ized instabilities such as diapirism/halokinetics (Madof et al., 2009; Wu et al., 2020) or oversteepening in 
thrusts belts anticlines (Moscardelli and Wood, 2008; Ortiz-Karpf et al., 2018) (Figure 4.2).    
 
Figure 4.2 Schematic depositional model for passive and active margins. Submarine failure deposits can be 
shelf or slope attached or detached. Detached submarine failure deposits have smaller dimensions and are 
sourced from isolated bathymetric highs (e.g., salt diapir). The figure illustrates ways that submarine failure 
deposits can interact with other deepwater deposits.  
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Submarine failure deposits exhibit greater spatial complexity when compared to other types of 
deepwater deposits that can be spatially homogenous for 100s of meters (e.g. levees, submarine lobes) 
(Fryer and Jobe, 2019; Jackson et al., 2019). Research has shown that submarine failure deposits are 
highly complex in both composition and deformation character over distances shorter than 100 m 
(Sobiesiak et al., 2016; Cardona et al., 2020). Lewis (1971) noted that submarine failure deposits exhibit 
different strain domains along their dip-direction with extensional structures characterizing the upslope, 
relatively undeformed strata in the middle zone, and compressional structures in the distal zone. Based on 
several examples characterized in seismic data, Bull et al. (2009) named these three deformation zones as 
‘domains’—from proximal to distal along dip-direction— and defined them as the headwall, translational, 
and toe domains. These domains exhibit systematic deformation that can be recognized at both seismic 
(Steventon et al., 2019) and outcrop scales (Cardona et al., 2020). Each domain is characterized by defor-
mation structures that reflect a dominant syndepositional stress (i.e., extensional, shear, compressional) 
(Figure 4.3). Such spatial strain partitioning is important to identify when assessing seal risk in traps asso-
ciated with mass failure deposits. Another challenge when assessing sealing integrity is flow transfor-
mations during the emplacement of MTDs (Fisher, 1983; Strachan, 2008). These transformations can 
cause the mass flow to erode underlying strata resulting in incorporation of course material into the flow 
via shear-derived mixing (Rowley et al., 2011). This process can result in lithologic changes modifying 
the original source-derived sediment character of the deposits and complicate lithology prediction in sub-
marine failure deposits. Cardona et al. (2020) documented such shear-derived mixing in silt-rich outcrops 
of an MTD in the Taranaki Basin of New Zealand, where the MTD matrix was enriched in medium-sized 






Figure 4.3 A) Idealized submarine failure deposit with the three domain and each respective dominant 
stress. (B) Seismic example of submarine failure deposit in the sea floor, offshore Brunei (Mcgilvery et al., 
2004) whereby stress-dominant domains can be identified based on strain structures.  
 
4.1.3 Submarine Failure Deposits in Hydrocarbon Systems 
The notion of an interplay between submarine failure deposits and hydrocarbon accumulations is 
not novel among explorationists (Fairbridge, 1946). Although these deposits were historically considered 
as a facies to avoid from a viewpoint of hydrocarbon exploration (Posamentier and Kolla, 2003; Weimer 
and Slatt, 2004), it has now been recognized that MTCs and MTDs can act as source (Tanavsuu-
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Milkeviciene and Sarg, 2012; Johnson et al., 2015), reservoir (Shanmugam et al., 2009; Meckel, 2011; 
Bhatnagar et al., 2019), or seal (Godo, 2006; Algar et al., 2011; Cardona et al., 2016; Kessler and Jong, 
2018; Amy, 2019). In addition, the resultant relief created by the emplacement of MTCs and MTDs can 
influence the pathways of post-emplacement turbidite flows (Armitage et al., 2009; Jackson and Johnson, 
2009; Kneller et al., 2016; Henry et al., 2018; Kremer et al., 2018) and creates accommodation for  “heal-
ing phase” top-fill reservoir targets (Wood et al., 2015) [e.g., Ubit field with STOIIP ~2 billion barrels of 
oil (BBO), offshore Nigeria (Clayton et al., 1998); Tarn field  with STOIIP ~100 MMBO and Meltwater 
field with STOIIP ~50 MMBO in North Slope Alaska (Houseknecht and Schenk, 2007; Houseknecht, 
2019)]. Here we will focus on the role of submarine failure deposits as top and lateral seals (Figure 4.4). 
 
 
Figure 4.4 A) Schematic representation of submarine failure deposits in the top or lateral seal intervals of 
hydrocarbon (HC) accumulations. B) Submarine landslides example eroding the top of an anticline as an-
alogue to model (Gee et al., 2007) 
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Deposits resultant from submarine failures certainly can exhibit both the macro- and micro-proper-
ties of effective seals as evidenced by several hydrocarbon fields where such deposits act as a seal (Table 
4.1). The most important property of a seal is its pore throat size (Sneider, 1991), which is primarily a 
function of lithology. Therefore, when submarine failure deposits are sourced from fine-grained sedi-
ments, remolding and shear deformation during remobilization can improve their seal quality by reducing 
the pore throat sizes (Hedberg, 1926; Dugan, 2012; Yamamoto and Sawyer, 2012) and modifying clay 
fabric (Day-Stirrat et al., 2013; Cardona et al., 2016). Although data from fields are sparse, public litera-
ture shows six hydrocarbon fields where deposits of submarine failures are reported to act as top and/or 
lateral seal. Four of these examples are from offshore Gulf of Mexico (GOM) and two from offshore 
northwest Borneo (Figure 4.5). These fields combined account for ~ 0.9 billion barrels of oil equivalent 
(BBOE) of cumulative discovered reserves with one field still in appraisal phase (Bestari-1). However, 
submarine failure deposits can also be considered the primary failure element in the trap, as they have 
been noted to leak and provide fluid migration pathways in the subsurface (Gamboa and Alves, 2015).  
Here we explore the role of submarine failure deposits as seals in the hydrocarbon system, consider 
the key variables that influence their ability to seal fluids, and provide a methodology to risk different fac-
tors controlling the seal quality in MTCs and MTDs. We first examine these factors in a framework of 
play/macro-, segment/meso- and pore/micro-scale. Lastly, we illustrate the methodology to assess the seal 
risk of MTCs and MTDs using three case studies; the Jubilee field, offshore GOM, and the Kikeh field 








Figure 4.5 Global distribution of discovered commercial fields reported to have submarine failure deposits acting as a seal (Table 1). The inset shows 
a graph of the discovery record for these fields along with estimated ultimate recovery (EUR) for field and the global cumulative EUR for this type 











4.2 Methodology: Risking the Seal Quality of Submarine Failure Deposits 
A multi-scale approach is necessary to assess the seal quality and identify likely seal failure mecha-
nism(s) pre-drill (Downey, 1984, 1994). Recent discoveries and results in producing fields demonstrate 
the ability of submarine failure deposits to act as effective seals for economic oil or gas accumulations 
(Godo, 2006; Algar et al., 2011; Cardona et al., 2016; Kessler and Jong, 2018; Amy, 2019). The semi-
quantitative methodology presented here can be further calibrated and made more applicable to specific 
basins and settings as users integrate their own information and data libraries. This methodology assesses 
several key factors at the macro- (e.g., margin style, depositional system tract and gross depositional envi-
ronment, submarine failure type), meso- (e.g., domain, thickness, fluid escape features, rafted mega-
blocks), and micro-scale (e.g., clay/silt ratio, brittleness, pore throat, clay fabric), which holistically con-
trol the ability of submarine failure deposits to act as hydrocarbon seals. Each of the variables will be dis-
cussed below regarding their implications and uncertainty for creating effective sealing facies in subma-
rine failure deposits. Each variable for assessing seal quality in MTCs and MTDs is placed on a risk scale 
of high, moderate, and low risk. Risk here refers to the “chance of failure”, therefore factors with low risk 
translate into a higher probability of finding or forming effective seal facies, whereas high risk means 
lower probability of the same.  
4.3 Macro-Scale Factors 
Macro- or play-scale factors to consider in risking the seal quality of submarine failure deposits in-
clude the tectonic style of the margin, the nature of depositional systems and the depositional system tract 
sourcing the mass failure deposits. Additional macro-scale factors include the type mass failure deposit as 
attached or detached in origin.  The implications of these factors on the seal quality of MTCs and MTDs 
are discussed below.  
4.3.1 Margin Style 
At the macro-scale, regional seals need to be widespread. Deposits from submarine failures are 
known to be common depositional elements in the toe of the continental slope and basin floor of many 
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passive and active margins (Shipp et al., 2011; Festa et al., 2016), but those in passive margins tend to 
have larger areas than the ones in active margins (Moscardelli and Wood, 2015). Nelson et al. (2011) doc-
umented that on active tectonic margins, the maximum run-out distance of MTCs are an order of magni-
tude less (~100 km) than on passive-margins (~ 1,000 km), concluding that the volumes of MTCs on the 
abyssal seafloor of active margins are more limited than volumes found in passive margins. ‘Seismic 
strengthening’ (i.e., repeated exposure to earthquake energy) in active margins, which enhances the shear 
strength of the MTCs (Strozyk et al., 2010), has been proposed as a reason for shorter run-out distances 
along active margins (Sawyer and DeVore, 2015). Additionally, as the result of the enhanced shear 
strength in active margins, these submarine failure deposits are prone to brittle deformation during remo-
bilization (Sawyer et al., 2012; Yenes et al., 2020) which decreases their seal quality (Ingram and Urai, 
1999). 
Margin tectonics further exhibit a first-order influence on the sealing quality of submarine failure 
deposits through post-emplacement tectonic deformation that can compromise seal integrity via tectonic 
breaching (Hall et al., 1997; Couples, 2005; Bishop, 2015) (Figure 4.6). Such post-emplacement defor-
mation is common in active margins, as basins can experience uplifting episodes leading to removal of 
overburden via erosion (exhumed basins) (Nyland et al., 1992; Hutchison et al., 2000) or a relative sea-
level drop that can cause variations on hydrostatic pressure (Bertoni et al., 2013). These changes in over-
burden and hydrostatic stress regime due to tectonic uplift and seafloor erosion (Nordgård Bolås et al., 
2005; Hermanrud et al., 2013) can lead to underfilled traps (Hermanrud et al., 2013). Corcoran and Doré 
(2002) recognized that traps in active exhumed basins tend to be underfilled. Consequently, submarine 
failure deposits in passive margins are less likely to experience post-depositional tectonic deformation 









Figure 4.6 Schematic illustration of tectonic breaching for (a) structural inversions and (b) footwall fault 
blocks (Hall et al., 1997). Tectonic breaching is caused by radial fractures and wrench faults.  
 
4.3.2 Depositional System Tract and Gross Depositional Environment  
Sequence stratigraphy offers a first-principle approach to predict seal quality of submarine failure 
deposits at the play-scale. Sea-level change, often noted as a driver of sequence and systems tract devel-
opment, has been shown to have no statistical correlation to submarine failure occurrence (Covault and 
Graham, 2010; Urlaub et al., 2013; Clare et al., 2016)—i.e., submarine failures can occur in any sea-level 
conditions. However, it is well documented that sediment grain sizes show a strong correlation to the pro-
cesses of shoreline progradation, aggradation and retrogradation. Lowstand system tract (LST) deposits 
are likely to be sandier than deposits of the highstand systems tract (HST) (Sutton et al., 2004). Identify-
ing the system tract of the strata that sourced a submarine failure deposit enhances our ability to predict 
the sedimentologic nature of the final deposit.  
Seal capacity of mudstones vary systematically within a sequence stratigraphic framework (Daw-
son and Almon, 1999; Almon et al., 2002; Ethridge et al., 2004; Sutton et al., 2004). These workers con-
cluded that mudstones comprising transgressive systems tracts (TST) provide excellent top seal capacity 
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whereas mudstones from HST or LST are less effective seals. Supporting these results, empirical evi-
dence shows that approximately 80% of the total 138 fields included in the AAPG Treatise of Petroleum 
Geology (Beaumont and Foster, 1999) have seals developed within TST packages whereas only 3% of 
these fields have seals occurring within HST.  
The gross depositional environment (GDE) of the sediments sourcing a submarine failure plays a 
fundamental role in the final lithology, and thus the seal quality of the submarine failure deposit (Osipov 
et al., 2004). Normally, the seal quality of mudstones improves basinward from shelf to abyssal plain 
(Dragomirescu et al., 2001; Osipov et al., 2004; Daniel and Kaldi, 2012; Dolson, 2016). In general, mud 
near delta systems contains almost twice as much detrital quartz than deep marine mud (Shaw and 
Weaver, 1965). When assessing the GDE of submarine failure deposits, it is important to consider that a 
single failure deposit can extend over several depositional environments (e.g., shelf, slope, abyssal plain) 
(Morton, 1993; Moscardelli and Wood, 2008; Doughty-Jones et al., 2019). A high degree of heterogene-
ity in submarine failure deposits hinder their seal quality (Alves et al., 2014).  
4.3.3 Submarine Failure Type 
Identifying the attached or detached genesis of a submarine failure deposit has implications for pre-
dicting its ability to act as an effective seal. Attached submarine failure deposits are either sourced from 
shelf or slope systems; while detached ones are sourced from isolated bathymetric highs (Figure 4.2) 
(Moscardelli and Wood, 2008, 2015; Ortiz-Karpf et al., 2018). Alves et al. (2014) noted that the source 
material or sediment provenance exerts a fundamental impact on the final petrophysical properties of sub-
marine failure deposits. An increase in quartz content in the matrix of seal units is associated with a re-
duction of seal capacity as quartz grains shield large pore throats and protect them from destruction dur-
ing compaction and shear deformation (Krushin, 1997; Day-Stirrat et al., 2013). Shelf-attached submarine 
failure deposits are likely enriched in shelf material (e.g., high detrital content) in the deposit matrix, 
whereas detached submarine failure deposits are commonly mud-dominated (Moscardelli and Wood, 
2008;  
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Cardona et al., 2016; Gutierrez, 2018; Kessler and Jong, 2018; Wu et al., 2020) and isolated from 
sand-rich inputs [e.g., Submarine failure deposits sourced from mud volcano flanks, offshore Trinidad 
(Moscardelli et al., 2006)]. Consequently, though often of smaller area, detached- submarine failures will 
have a higher probability to create deposits with effective seal facies.  
4.4 Meso-Scale Factors 
Meso- or segment-scale factors that influence the seal risk of submarine failure deposits include the 
structural domain of the failure deposit juxtaposing the hydrocarbon accumulation, the thickness of the 
failure deposit overlying or lateral to the hydrocarbon accumulation, and the presence of fluid escape fea-
tures or rafted blocks within the submarine failure deposit. The implications of these factors on the seal 
quality of submarine failure deposits are discussed below.  
4.4.1 Strain Domain 
The architecture of submarine failure deposits can be divided into three strain-dominated domains; 
the headwall, the translational, and the toe domain, each exhibiting a dominant type of strain (Figure 4.3). 
The resultant deformation features in each domain can impact seal quality and generate seal bypass sys-
tems (SBS) (e.g., faults, intrusions/injectites, and pipes) (sensu Cartwright et al., 2007). SBS are defined 
as “large-scale (seismically resolvable) geological features embedded within sealing sequences that pro-
mote cross-strata fluid migration and allow fluids to bypass the pore network” and are extremely common 
in MTCs and hydrocarbon rich basins (Cartwright et al., 2007; Løseth et al., 2009).  Therefore, it is help-
ful to identify SBS pre-drill in order to avoid potential seal breaches. 
The headwall domain in siliciclastic submarine failure deposits is dominated by extensional stress, 
manifested in the omnipresence of normal faults and extensional ridges (Lewis, 1971; Martinsen and 
Bakken, 1990; Bull et al., 2009; Gamboa and Alves, 2016; Doughty-Jones et al., 2019). These faults can 
affect the entire mass failure interval and provide fluid migration pathways (Riboulot et al., 2013; Dumke 
et al., 2014; Gamboa and Alves, 2015; Eng and Tsuji, 2019) (Figure 4.3 and 4.7). Because of the preva-
lence of extensional faulting in the headwall domain, seal quality is poor and seal breaching is likely to 
 152 
occur (Ligtenberg, 2005; Pattier et al., 2013; Casalbore et al., 2016) (i.e., mechanical seal failure). Alt-
hough normal faults can also occur in the translational domain, fault intensity and displacement become 
progressively smaller in the translational domain (Steventon et al., 2019). In contrast, the translational do-
main is dominated by longitudinal shear stress (Bull et al., 2009; Safadi et al., 2017). This shear strain ex-
perienced in submarine failure deposits preferentially destroys large pore throats (Yamamoto, 2006) caus-
ing a decrease in porosity (Dugan, 2012; Sun and Alves, 2020) and permeability (Dewhurst et al., 1996; 
Day-Stirrat et al., 2013). Such process can enhance the seal capacity in the translational domain (Cardona 
et al., 2016). The shear-induced effect coupled with a reduced degree of faulting can account for the crea-
tion of effective sealing facies in the translational domain (Cardona et al., 2016). 
 In contrast to both the extensional and translational domains, the toe domain is dominated by com-
pressional stress caused by the arrest of the mass flow front. The flow initially halts in its most basinward 
extent, then stoppage gradually propagates backwards (Farrell, 1984) creating a buttressing effect (Frey-
Martínez et al., 2005, 2006). The compressional strain results in the formation of thrust faults and com-
pressional ridges in the toe domain. These thrust faults can be blind (Martinsen and Bakken, 1990; Ogata 
et al., 2016) or through-going faults (Dykstra et al., 2011; Omosanya et al., 2016), and similar to normal 
faults in the headwall, can provide pathways for fluid to migrate and compromise the sealing ability of 














Figure 4.7 Example of common presence of pockmark near the headwall domain in submarine failure de-
posits. (A) Headscarps and extensional faults provide effective pathways for fluid migration as evidenced 
by the spatial nature of pockmarks (Casalbore et al., 2016). (B) Bathymetric 3-D block model of submarine 
slide. Pockmarks were only detected near the headwall scar area (Lastras et al., 2004). Prevalence of exten-







Figure 4.8 (A) Block diagram of seafloor bathymetry revealing strain features of the submarine landslide 
(Riboulot et al., 2019). Note the characteristic presence of pressure ridges in the toe domain and the pres-
ence of pockmarks associated with such features. (B Dip-oriented seismic line through  fluid escape fea-
tures located in the toe domain. Similarly, Prevalence of compressional ridges and thrust fault systems in 






Although it is ideal to encounter a thick submarine failure deposit in the seal interval,  several 
works have demonstrated that thickness and seal capacity (i.e., largest hydrocarbon column held by a 
seal) are not linearly correlated and that thicker deposits are not necessarily associated with higher hydro-
carbon columns (Grunau, 1987; Zieglar, 1992; Heppard et al., 1998; Underschultz, 2007). Based on em-
pirical data, seals generally need a minimum gross thickness of at least ~15 m (50 ft) (Grunau, 1987; 
Zieglar, 1992). About 90% of documented siliciclastic submarine failure deposits (N= 191) are thicker 
than 15 m (~49 ft) (Moscardelli and Wood, 2015), thus thickness is likely not a limiting factor in the seal 
quality of submarine failure deposits (Figure 4.9). Hubbert (1953) demonstrated that a few centimeters 
thick mudstone with dominant particle size of ~0.1 microns (10 φ : clay size) can theoretically hold an oil 
column of ~1000 m (~3,200 ft). However, there is a low probability for this centimeter-thick zone to be 
“…continuous, unbroken, and unbreached over a significant aerial size” (Downey, 1994). Therefore, alt-
hough a thick submarine failure deposit is not required, the occurrence of a thicker deposit increases the 
probability of encountering an effective sealing bed that is laterally continuous across a given trap (Zieg-
lar, 1992). Moscardelli and Wood (2015) show a positive relationship between thickness and area of sub-
marine failure deposits, such that increasing the thickness would also increase the spatial extent ensuring 
seal interval coverage over the entire trap. Additionally, a thick submarine failure deposit is less likely to 












Figure 4.9 Geometries of attached and detached submarine failure deposits overlaid with geometries from 
other deposits commonly identified as seals compiled by Kaldi and Atkinson (1997). Histograms on axes 
are for data of submarine failure deposits and color-coded by type (i.e., attached or detached).  
 
4.4.3 Fluid Escape Features 
Fluid escape features (e.g., pockmarks, gas chimneys, etc.) are intrinsically associated with subma-
rine failure deposits (Lee et al., 2007; Paull et al., 2008; Omosanya, 2018; Browne et al., 2020), as well as 
with hydrocarbon accumulations (Hovland, 1981; Kelley et al., 1994; Abrams, 1996, 2005; Sales, 1997; 
Hovland et al., 2002). Although fluid escape features such gas chimneys are considered SBS, they do not 
necessary indicate absolute seal failure (Cartwright et al., 2007; Bello et al., 2017) or the absence of eco-
nomic hydrocarbon accumulations (Figure 4.10) [e.g., Ekofisk field, Norway, (Dangerfield et al., 1992), 
Frigg Field in Norway and U.K. (Heritier et al., 1990) or “gas cloud” above Kikeh field, Malaysia (Algar, 




Figure 4.10 Gas chimney overlying the Ekofisk field (Dangerfield et al., 1992). The field has produced 
more than 2.7 Bbo.  
 
When assessing the seal quality of submarine failure deposits, it is important to identify the loca-
tion of the fluid escape features with respect to the identified hydrocarbon lead or prospect. Several stud-
ies have noted the spatial correlation between trains of pockmarks and the headwall scars in failure depos-
its (Lastras et al., 2004; Gee et al., 2006; Pattier et al., 2013; Cattaneo et al., 2014; Casalbore et al., 2016). 
Similarly, recent work by Yang et al., (2013) and Riboulot et al. (2019) show chimneys and pockmarks 
associated with compressional ridges in the toe domain (Figure 4.11). These authors also recognized 
fewer pockmarks in the translational domain compared with the headwall and toe domains. Therefore, 
identifying the domain and presence and/or abundance of fluid escape features in submarine failure de-
posits overlying or lateral to hydrocarbon accumulations are important qualitative observations for seal 
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risk assessment (Ligtenberg, 2005). Schumacher and Abrams (1996) observe that some small hydrocar-
bon accumulations are marked by strong visible fluid-escape features, whereas some of the largest accu-
mulations are so well sealed that they show no visible seepages. Therefore, it is important to recognize the 
relative timing of the pockmarks as some can be inactive paleo-pockmarks (Hovland et al., 1984). Alt-
hough variable from setting to setting, a submarine failure deposit with high abundance of SBS updip 
from the hydrocarbon accumulation could increase the risk of seal failure.  
 
 
Figure 4.11 Example of preferential distribution of pockmarks overlying the toe domain of buried MTC. 
Vertical scale in two-way travel time milli-seconds. (Yang et al., 2013) 
 
4.4.4 Rafted Megablocks 
Megablocks have diameters >4.1 m (sensu Blair and McPherson, 1999) and can be rafted within 
the matrix of submarine failure deposits (Figure 4.12). Numerous examples of rafted megablocks have 
been documented in seismic volumes (Dunlap et al., 2010; Jackson, 2011; Richardson et al., 2011; Hodg-
son et al., 2018) and outcrops (Macdonald et al., 1993; Dykstra et al., 2011; Sobiesiak et al., 2016; Car-
dona et al., 2020). Megablocks can be ~500 m high by 4.5 km long (Dunlap et al., 2010; Gamboa et al., 
2011; Jackson, 2011; Alves, 2015), undeformed to moderately deformed (Gamboa et al., 2012; Ward et 
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al., 2018), and transported for 10’s of km (Nissen et al., 1999; Nwoko et al., 2020). Rafted megablocks in 
submarine failure deposits are commonly found in association with fluid escape features and have been 
recognized to form discontinuities with the surrounding matrix allowing for fluid migration pathways 
(Gamboa and Alves, 2015; Moernaut et al., 2019; Cardona et al., 2020) (Figure 4.13). Therefore, the pres-
ence of rafted megablocks in submarine failure deposits can compromise seal quality and increase the risk 
of seal failure.   
 
Figure 4.12 Examples of rafted mega-blocks at different scales. Outcrops examples in (A) and (B) by 
Yamamoto et al. (2007) and Valdez Buso et al. (2015), respectively. (C) Example of rafted mega-block in 









Figure 4.13 (A) Mega-block in outcrop shows evidence of fluid migration around its margins. Red square 
is thin section in the inset (Cardona et al., 2020). (B) Seismic example of rafted-megablock and schematic 
model (C) showing thrust faults and margins of fault provide fluid migration pathways (Gamboa and Alves, 
2015). 
 
4.5 Micro -Scale Factors 
Micro- or pore-scale factors when assessing the seal quality of submarine failure deposits include 
the clay-to-silt ratio, brittleness, pore-throat sizes and degree of clay fabric in the matrix of the deposit. 
The interaction of these factors influences the ductility, porosity and permeability of the submarine failure 
deposits and have direct implications for their seal quality. 
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4.5.1 Clay/Silt Ratio  
The microscopic properties of effective seals are fundamentally dictated by the clay/silt ratio of the 
seal material (Krushin, 1997; Nakayama and Sato, 2002; Sawamura and Nakayama, 2005). The clay frac-
tion is a primary control on the sealing capacity (Hildenbrand and Urai, 2003; Aplin and Larter, 2005) 
since the capillary breakthrough pressure of a seal is limited by its largest interconnected pore throat (see 
Equation 1) (Washburn, 1921; Heling, 1970; Krushin, 1997). Generally, fine-grained, clay-rich litholo-
gies exhibit high capillary sealing capacity, whereas coarse-grained, clay-poor lithologies commonly have 
low sealing capacity (Ingram and Urai, 1999; Daniel and Kaldi, 2012; Ma et al., 2020). Nakayama and 
Sato (2002) estimated the equivalent grain size for the respective hydrocarbon column reported for 90 
top-seal trapped fields in the AAPG Treatise of Petroleum geology series (Beaumont and Foster, 1999) 
and concluded that the average grain size in seals is ~9-10 on the phi scale (~2 micron clay size). Krushin 
(1997) and Hildenbrand and Urai (2003) demonstrated that an increase in silt-sized, detrital siliciclastic 
content in the matrix of mudstones is inversely proportionally to sealing capacity. Dawson and Almon 
(2004) and Dawson et al. (2008) investigated mudstones from deepwater environments and concluded 
that silt-size particles can shield large pore throats when the silt content of the rock is >~20 %. Submarine 
gravity flows that form failure deposits can be highly erosive and able to entrain sediments from underly-
ing deposits (Alves and Lourenço, 2010; Sobiesiak et al., 2016; Hodgson et al., 2018). This entrainment 
of underlying deposits can result in the enrichment of silt and sand content in the matrix of the failure de-
posit (Cardona et al., 2020). These authors also demonstrate that the highest degree of sand and silt en-
richment occurs in the toe domain near the basal zone of the submarine failure deposits (Figure 4.14); 









Figure 4.14 Example from the toe of the Rapanui MTD (RMTD) showing evidence of entraining underlying 
sediment into the RMTD matrix.  
 
4.5.2 Brittleness 
Silt/clay ratio is also a key factor that underpins the ductility or brittleness of mudstones (Perez 
Altamar and Marfurt, 2014; Kumar et al., 2015). Deposits from submarine failures are intrinsically ex-
posed to deformation during emplacement, and therefore a submarine failure deposit with a ductile matrix 
is desirable since a brittle composition is prone to fracturing and results in poor sealing facies (Kaldi and 
Atkinson, 1997; Ingram and Urai, 1999; Couples, 2005). Jarvie et al. (2007) defined a brittleness index 
(BI), based on the mineral composition, as the ratio between quartz and the total of quartz, calcite, and 
clay content of the rock;  
BI = VQuartz / (VQuartz + VCalcite+ VClay )        (4.2) 
 Ductile deposits have a BI< 0.32 (silt < ~20% vol.) and brittle deposits have a BI>0.32 (silt > 
~35% vol.) (Dawson and Almon, 2004; Perez Altamar and Marfurt, 2014). Consequently, the ability of 
gravity flows to entrain sand and silt sediments from the substratum can increase brittleness and hinder 
the sealing quality of the final failure deposit. Nonetheless, it is important to assess each domain in a case-
by-case scenario as silt and sand content can vary spatially. Cardona et al. (2020) show that the toe do-
main is likely to be enriched in silt and sand particles from the interaction of the gravity flow with under-
lying deposits resulting in an increase of brittleness in the toe domain.  
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4.5.3 Pore Throat 
Pore throat size is most important factor for the sealing quality of any deposit. As previously dis-
cussed, detrital sand and silt particles can shield large pore throats during vertical or shear deformation 
(Heling, 1970; Day-Stirrat et al., 2010). Effective seals rarely have pore throats with radii above 100 nm 
(Zieglar, 1992; Daniel and Kaldi, 2012; Ma et al., 2020). Excellent seals such as clay-rich lithologies are 
characterized by pore-throat radii below 20 nm, whereas sandy mudstones have radii ~30-40 nm 
(Krushin, 1997). Theoretically, a 1,000 m column of oil or gas requires a pore throat radius of 19 nm or 
14 nm, respectively (Washburn, 1921). Submarine failure deposits are exposed to shear deformation dur-
ing emplacement, which can be responsible for the observed decrease in the pore throat size relative to 
undeformed deposits (Hedberg, 1926). Day-Stirrat et al. (2013) and Cardona et al. (2016) investigated 
submarine failure deposits in the GOM that reveal pore throat distributions smaller than compositionally 
equivalent mudstones at similar depths. In these studies, no pore throat with a radius greater than 100 nm 
was found in the remobilized deposits, whereas the range of pore throat radii in equivalent undeformed 
mudstones was greater than 200 nm (Day-Stirrat et al., 2013). Shear deformation is responsible for the 
collapse of large pore throats in submarine failure deposits (Yamamoto and Sawyer, 2012; Day-Stirrat et 
al., 2013; Cardona et al., 2016). This reduction in pore throat size in submarine failure deposits enhances 
the sealing capacity and can improve sealing properties of deposits at shallower depths (i.e., Neogene 
strata).  
4.5.4 Clay Fabric  
Numerous studies in mudstones show the concomitant relationship between a high degree of clay 
fabric and effective sealing properties (Freed and Peacor, 1989; Ho et al., 1999; Dawson and Almon, 
2002; Aplin et al., 2003; Ethridge et al., 2004; Sutton et al., 2004). As noted above, shear deformation 
during emplacement of submarine failure deposits can enhance clay fabric (Figure 4.15) (Bennett et al., 
1991; Yamamoto and Sawyer, 2012; Day-Stirrat et al., 2013; Kitamura et al., 2014; Cardona et al., 2016; 
Silva et al., 2020), which results in a decrease in porosity and permeability (Dugan, 2012). Clay fabric is 
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conventionally quantified using the degree of phyllosilicate mineral preferred orientation expressed as 
maximum pole densities in multiples of random distribution (m.r.d.) (Wenk, 1985; van der Pluijm et al., 
1994). Previous work on mudstones show that weak fabrics have values <2.5 m.r.d. and strong fabrics 
have values of >4 m.r.d.. For example, mudstones from the GOM exposed to intense mechanical compac-
tion and/or diagenesis range from 1.74 to 4 m.r.d, and are commonly <3 m.r.d. (Aplin et al., 2006). Physi-
cal experiments by Haines et al. (2009) compared clay samples subjected only to compression and sam-
ples exposed to shearing before compression. Samples only compressed, resulted in uniformly weak fab-
rics (1.6-1.8 m.r.d) even at normal stress of ~150 MPa (c. 4 km). In contrast, samples that were sheared 
before compression, reached fabrics as high as 4.6 m.r.d. under similar compression stress. Several work-
ers have demonstrated that clay fabric does not increase systematically with depth of burial (Ho et al., 
1999; Aplin et al., 2006; Day-Stirrat et al., 2008). This result highlights the role of shear strain during em-
placement of failure deposits, which can impose a clay fabric pre-burial and hence enhance the sealing 
capacity after deeper burial. Therefore, submarine failure deposits with a high degree of clay fabric are 
more likely to act as effective seals, especially for gas accumulations. Nonetheless, an increase of silt con-
tent in failure deposits can inhibit the development of clay fabric during shearing and result in poor seal-















Figure 4.15 Schematic model showing the effect of sediment remobilization and remolding on the pore 
throat and clay fabric. Deformation in submarine failure deposits destroys large pore-throat and enhances 
clay fabric.  
 
4.6 Case Studies and Application of Risk Analysis  
4.6.1 Application of Seal Quality Methodology 
These first-order variables that influence the sealing quality of submarine failure deposits (MTCs 
and MTDs) can be examined systematically at different scales within the context of low to high risk of 
seal failure (Figure 4.16). This seal risk matrix is applied to three case studies chosen to illustrate the use 
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of the proposed methodology for assessing the seal quality of submarine failure deposits. The three case 
studies here are from deepwater siliciclastic depositional settings with negligible diagenesis: The Jubilee 
field in the eastern GOM, USA; and the Kikeh field and an exploration well both located in the north-




Figure 4.16 Proposed seal risk matrix listing factors at different scale that control the sealing quality of 
submarine failure deposits (i.e., MTCs and MTDs). See text for detail explanation for each factor.  
 
4.6.1.1 Jubilee Field  
Data from the Jubilee field are provided by 3D seismic, core and well log analyses in works pub-
lished by Cardona et al (in press, Interpretation), Cardona (2015), and Cardona et al. (2016). The Jubilee 
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field was discovered by Anadarko Petroleum in 2003 at a water depth of 2,680 m (8,800 ft), offshore 
GOM, with a well targeting a high amplitude seismic anomaly. The discovery well (Atwater Valley 349-
1) reached a subsea depth of 5,580 m (18,310 ft) encountering 25 meters (83 ft) of net natural gas pay 
with an estimated field size of 250 Bcf [c.43 MMboe]. The field produced a total of 204 Bcf [c.35 
MMboe] until its abandonment in 2016. The reservoir in the field is composed by high-density turbidites 
and frontal-splay deposits, compensationally stacked in an abyssal plain environment capped by an MTC 
acting as the top and lateral seal (Cardona et al., 2016) in a compactional-drape trap style (Weimer and 
Bouroullec, 2013) (Figure 4.17A-B). The frontal-splay deposits associated with the reservoir level in the 
field have an approximate age of Upper Miocene bounded by Catinaster coalitus (Tortonian 11.2-7.2 Ma) 
and Globorotalia juanai (Messinian 5.3-7.2 Ma) faunal tops determined from well samples (Witrock et al., 
2003). 
The sealing interval in the field is composed of an MTC deposited in a passive margin in abyssal 
plain conditions. This MTC is detached and interpreted to be likely sourced from TST deposits on a bath-
ymetric high formed by halokinetic activity (Cardona, 2015) (Figure 4.17C). The translational domain of 
the MTC overlies the gas accumulation and based on core data, the thickness is estimated to be > 14 m 
(~46’) (Cardona et al., 2016). Fluid escape features, such as pockmarks, are only observed downdip from 
the gas accumulation or on a fault separated block. The pockmarks in the toe domain are organized in an 
arcuate pattern following pressure ridges (Figure 4.17D-E). No other fluid escape features were detected. 
Moreover, this MTC seems to be devoid of seismically-resolvable rafted megablocks and none were iden-
tified in the core. Based on samples from the core, the matrix of the Jubilee MTC has an average clay/silt 
ratio ~55/39 per volume % (vol.%)—this ratio is close to the typical clay/silt ratio of mudstones in the 
GOM (63/36) (Dawson et al., 2006). Based on this composition, the Jubilee MTC has an average BI=0.36 
varying from 0.28 to 0.40. The median pore throat radius in the MTC ranges from 13 to 27 nm and no 
pore throat is greater than 100 nm. This MTC shows high degree of clay fabric with an average of 3.6 
m.r.d., yet one sample has a value as high as 5.18 m.r.d. indicative of high clay fabric. The described 
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macro- and meso-characteristics combined with the excellent micro-properties make this MTC a high-




Figure 4.17 (A) Interpreted map and seismic section. Map of root-mean square (RMS) amplitude extraction 
of frontal-splay horizon with symmetrical 30 ms window. Note high amplitude anomaly centered around 
AT349-1 well. Map shows the main depositional elements in the field. Red-dashed line outlines the inter-
preted area of the top-seal MTC. Seismic section X shows the key horizons in the Jubilee field. The Jubilee 
field is composed of frontal-splay deposits, a mud-filled channel complex, and subsequent capped by the 
seal MTC (outline of deposit in red-dashed line on map). Yellow arrows point at a feeder-channel of frontal-
splay. Notice high amplitude in the interpreted frontal-splay deposits as a result of gas-charge effect. (B) 
Oblique-oriented seismic section on (A) showing the overlying MTC and the frontal-splay reservoir depos-
its. (C)  2D seismic line tied to 3D seismic survey in the Jubilee field. Oversteepening created by a salt 
diapir is interpreted as a possible causal mechanism of the Jubilee MTC. (D) North facing 3D view of top 
horizon of top-seal MTC with semblance attribute draped. Pockmarks (p) in the southeastern flank of the 
top-seal MTC exhibit an arcuate arrangement. This arrangement seems to be controlled by the formation 
of pressure ridges in the toe domain of the top-seal MTC. All identified pockmarks are downdip from the 
gas accumulation. (E) Inset seismic section shows detail of a pockmark (p) and association with thrust faults 




Figure 4.18 Seal risk matrix with analyses of case studies plotted.  
4.6.1.2 Kikeh Field  
The present-day NW Borneo deepwater fold-thrust belt is thought to have been under slope-per-
pendicular (NW-SE) tectonic compression since the late Miocene as a result of lateral (extrusional) forces 
generated by the collision of Australia with SE Asia (Hall, 1996, 2002; Morley et al., 2011) and defor-
mation appears to have been diachronous, increasing northwards (Madon et al., 2015). The Miocene de-
posits in the basin are the result of a complex interplay of turbidites, hemipelagites, and submarine failure 
deposits (Algar et al., 2011; Jong et al., 2016). The Kikeh oil field was discovered by Murphy Oil Corp. 
in 2002 at 1,340 m (4,396 ft) water depth offshore NW Borneo, after two failed exploration wells in the 
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Baram Delta Province. The discovery well (Kikeh-1) was drilled to a depth of 3,350 m (10,990 ft) in the 
crest of a thrusted anticlinal, 4-way dip closure and encountered 93 m net oil pay in Pliocene to Upper 
Miocene turbidite deposits separated by thick MTCs (100’s m) (Algar, 2012; Jones et al., 2016) (Figure 4. 
19A). The Kikeh field has produced 220 MMbo and 124 Bcf as of 2020 and has estimated recoverable 
reserves of 265 MMBO and 150 BCFG.  
The top seal in the Kikeh field is formed by an MTC deposited in an active deepwater fold-thrust 
belt (DWFTB) in a toe of slope environment during likely LST conditions with a narrow shelf <~100 km 
wide. The MTCs identified in this DWFTB are either slope- or shelf-attached (Kobayashi et al., 2017; 
Kobayashi, 2019) and commonly attributed to slope failure episodes (Jong et al., 2016). The domain over-
lying the oil accumulation in the Kikeh field was not reported, but here is interpreted as likely to be the 
translational to toe domain. The thickness of the seal MTC in the field ranges between 40-75 m (~130-
250 ft) (Algar et al., 2011). Fluid escape features are common in the area (Van Rensbergen et al., 1999; 
Jong et al., 2014; Madon et al., 2015) and a prominent gas chimney/cloud sits above the trap of the Kikeh 
field (Figure 4.19A). The gas cloud is the product of seals leaking by capillary failure, whereby gas is lost 
preferentially over oil because of the molecular size difference, resulting in the reservoir being enriched in 
oil (Algar, 2012; Jong et al., 2014). Although no rafted megablocks are observed in the published seismic 
lines, based on core data, Algar et al. (2011) reported rafted sandstone megablocks up to 5 m thick en-
cased in a silty claystone matrix (Figure 4.19D-E). Clay content averages ~51% in the matrix of this MTC 
and varies from 30-70%, but unlike most other basins in the world, top seal intervals in NW Borneo deep-
water are siltier with lower clay mineral fraction (Ngu et al., 2010; Kessler and Jong, 2018). This could 
explain the preferential migration of gas through the top seal. Nonetheless, the silty seal intervals in NW 
Borneo have been proven to be effective top seals at relatively shallow burial depths (~1,100 m below 
mudline) able to hold average oil columns of 267 m (876 ft) and P10 and P90 of 80 m (262 ft) and 549 m 
(1800 ft), respectively (Kessler and Jong, 2018). Based on composition from analogue deposits onshore 
(Nagarajan et al., 2017), the BI index of the Kikeh MTC is estimated between 0.47-0.51 due to the high 
quartz content in the silt fraction making it a brittle deposit. There are no public data about the pore throat 
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size in the Kikeh field but in light of the silty composition, lack of gas accumulation and oil columns of 
400-600 m, we estimate pore throats to be at least 20 nm. Similarly, the high silt content (~50 vol. %) 
likely inhibited the formation of strong clay fabric in this MTC and values are probably <2.5 m.r.d. (Fig-
ure 4.18). Although the inferred micro-properties of the MTC seal in the Kikeh field are moderate, the 
silt-dominated matrix of this MTC coupled with the reduction of pore throat size via shear deformation 
can explain the formation as an effective seal able to trap oil at a relatively shallow depth (~2,000 m be-
low mudline).  
 
Figure 4.19 (A) Seismic section through the Kikeh field showing the approximate location of the Kikeh-1 
discovery well (Jones et al., 2016). Lower right insight shows the gas chimneys overlying oil fields. (B) 
Map of offshore Borneo with the outline of gas (red) and oil (green) fields (Jones et al., 2016). (C) Regional 
schematic line from Murphy website showing the tectonostratigraphy of the area and the location of the 
Kikeh oil field. (D) and (E) are representative core samples from MTC in the Kikeh field (Algar et al., 
2011). 
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4.6.1.3 Exploration Well, Offshore Sabah  
 An exploration well was drilled in 2014 at 1,008 m (3,307 ft) water depth offshore NW Sabah, 
Malaysia targeting Miocene-age turbidite sandstones ~150 m downdip from the crest of a hanging-wall 
anticline at ~836 m below mudline overlain by an MTC (Figure 4.20A-B). The well was dry with hydro-
carbon shows and top seal was deemed the likely failure (Kobayashi, 2019).  
This MTC was deposited in the toe of slope during likely LST conditions in an active margin and is 
interpreted to be shelf-attached (Figure 4.20C). The translational to toe domains overlaid the location of 
the 4-way trap and several thrust faults are seen in the MTC (Figure 4.20D). Based on two exploration 
wells, the thickness of the MTC is between 125 m (410 ft) and 250 m (820 ft). Fluid escape features such 
as gas chimneys are also identified. Seismically-resolvable rafted megablocks are abundant in this MTC 
(n >10) and range in width from 100 m (320 ft) to 2 km and thickness about 200 m (650 ft) (Kobayashi et 
al., 2017). Detailed lithological information about this MTC is not available, however from two wells in 
the area that penetrated this MTC, the proximal portion of the MTC was estimated with a net-to-gross 
sand of 37% and the distal portion of 6% (Figure 4-21). Samples from the well in the distal portion of the 
MTC contain abundant outer neritic fauna (Kobayashi, 2019) that supports the interpreted shelf-attached 
origin. Based on the high sand content, we speculate that this MTC has a brittle nature with a likely 
BI>~0.48. Pore throat size is not reported but based on the high sand content for a seal, the pore throat 
radius is expected to be >30 nm (Nelson, 2009). Therefore, the macro-, meso, and micro-factors suggest 
that this MTC has a high risk of seal failure, which is in agreement with the exploration well results (Fig-
ure 4.18). The high content of shelf material, due to its shelf-attached genesis and the abundance of seis-









Figure 4.20 (A) Regional 2-D line through the study area of this well. (B) Map showing outline of seismic 
data. (C) RMS amplitude map along the top of MTC (10 msec window above the top MTCs surface) with 
overlaid interpretation of rafted mega-blocks within the MTCs and topographic highs created byMTCs. 
Note MTCs thickness is up to 500m and accommodation is up to more than 100 m. Rafted mega-blocks 
range in size from 100 to 2000m wide and up to about 200m thick. (D) Seismic features of the attached 
MTCs in SW-NE seismic section across the thrust fault. Inset shows presence of seismic-resolvable rafted 





Figure 4.21 Seismic section Well 2 (proximal) and Well 1 (distal) and features of GR well logs.Green 
colored interval is the interval of the unconfined attached MTCs (Kobayashi, 2019). 
 
4.7 Discussion and Conclusions 
Deepwater traps continue to be important targets for hydrocarbon exploration and they seem likely 
to deliver future volumes in both mature and frontier basins (Amy, 2019; Collard, 2020). In this work we 
discuss the role that deepwater deposits from submarine failures (i.e., MTCs and MTDs) play in hydrocar-
bon traps. We provide insight into some first-order principles controlling the seal quality of submarine 
failure deposits, based on the compilation and analyses of two commercial discoveries and one unsuccess-
ful exploration well. Although we acknowledge that the proposed methodology is not foolproof, it does 
offer a systematic approach to characterize intrinsic features of MTCs and MTDs that directly influence 
their ability to trap hydrocarbons in the subsurface, and the extrinsic variable,s such as tectonic setting 
that can influence their sealing ability. Additionally, it offers a template for explorationists to risk subma-
rine failure deposits in frontier basins with limited data when such deposits are proposed to be acting as 
seals.  
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The key parameters to risking seal quality of MTCs and MTDs have been summarized and placed 
on a seal risk matrix (Figure 4.16). This seal risk matrix can be further customized and calibrated to spe-
cific basins as users integrate their own data libraries and local experience. Currently, there is no “silver-
bullet” approach to predict the seal capacity of MTCs and MTDs pre-drill. As demonstrated by our meth-
odology, the development of an effective seal does not depend on one single factor and integration of 
analyses at different scales of investigation is paramount. Care is advised to properly assess seal risk in 
MTCs and MTDs by taking into consideration the uniqueness of each setting and deposit. For example, 
the gas chimneys in offshore Borneo would suggest high seal risk for those prospects when taken in isola-
tion within the seal matrix proposed herein. However, these gas chimneys are associated with oil fields 
where hydrocarbon fractionation allows the leakage of free gas, but liquids remain sealed in the reservoirs 
(e.g., the Kikeh field). Such situations emphasize the need to look holistically at the risk variables sug-
gested here to gain a full understanding of the probable seal failure mechanism(s).  
The formation of effective seals depends on the intricate interaction of several factors. Unfortu-
nately for explorationists, no one single factor determines seal efficiency of a deposit, yet sealing predic-
tion depends on identifying —and avoiding—the “weakest bond” or failure mechanism(s) (Downey, 
1984). Future work in characterizing MTCs and MTDs and upscaling their microscopic properties to seis-
mic character will improve the ability to predict seal quality and trap containment in the subsurface. 
The produced and discovered volumes associated with submarine failure deposits acting as seals 
present a paradigm shift about such deposits. We conclude that submarine failure deposits can create ef-
fective seals for oil or gas accumulations and need to be assessed on a case-by-case basis. Quite likely fu-
ture exploration in deepwater basins will encounter submarine failure deposits and new data will aid in 
decreasing the uncertainty of the proposed seal risk methodology. The results of this research suggest 
that: (1) shelf-attached submarine failure deposits have a higher seal risk compared to slope-attached or 
detached submarine failure deposits. (2) The translational domain in submarine failure deposits seems the 
best location to form effective sealing facies because of the lesser degree of faulting compared with the 
headwall and toe domain. (3). Similar to typical mudstones as seal deposits, the thickness of submarine 
 176 
failure deposits does not control its seal capacity—the 14 m (46 ft) thick MTC in the Jubilee field was 
able to seal gas whereas the 100’s m thick MTC in the Kikeh field only trapped oil. (4) Rafted mega-
blocks provide fluid migration pathways and are associated with poor seals. (5) Clay/silt ratio is an im-
portant property controlling the seal quality of submarine failure deposits, meaning that the sediment 
source from which the failure originated is a prime factor in determining seal quality. High silt content in 
submarine failure deposits can increase the brittleness and pore throat sizes in the material and impede the 
development of clay fabric during shearing. These factors are detrimental for creating effective seal fa-
cies. The lithological nature of submarine failure deposits can vary spatially due to enrichment of silt and 
sand fraction in its matrix as the gravity flows can erode and entrain underlying sediments. (6) Shear 
strain during emplacement of submarine failure deposits can increase clay fabric and destroy large pore 
throats, hence resulting in a decrease in porosity and permeability, which in turn enhances the seal capac-
ity of these deposits even at relatively shallow burial depths (<2,000 m below mudline). 
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5.1 Research Contributions 
The multi-scale studies presented here examining different submarine failures deposits reveal that 
there is a scale-independent degree of order in the inherent chaos of such deposits. Although these depos-
its are chaotic by nature, detailed outcrop investigations reveal a spatial pattern of deformation from prox-
imal to distal (Chapter 2). This study provides a robust sedimentologic approach to describe and charac-
terize outcrops of submarine failure deposits within a spatial framework (i.e., morphodomains) as well as 
a method to estimate the matrix shear strength from data collected at the outcrop. Each morphodomain is 
recognized based on multiple diagnostic deformation facies. The depositional model developed here, 
based on the outcrops of the Rapanui MTD, serves as a template for future outcrop-based research as well 
as a conceptual model for cases with sparse data (e.g., core samples). Furthermore, this work defines and 
documents the basal shear zone (bsz) of an MTD and its spatial variation—as the result of changes in 
boundary conditions by the gravity flows and interaction with the substratum. Additionally, a method to 
estimate syndepositional overpressure in the bsz from data collected in the field is illustrated. We hope 
that future research will shed more light on the nature of the bsz in submarine failure deposits. Under-
standing the nature of the bsz can have further implication for the characterization of weak layers in sub-
marine failure deposits and the ability to predict potential reactivation along such weak boundaries. Fu-
ture examples documenting the nature of the bsz could potentially improve the ability to locate core sam-
ples with respect to the domains in an MTD or MTC.  
The work on the Tuaheni Landslide Complex (TLC) demonstrates that the formation of a weak 
layer needs not be the result of a compositional heterogeneity (e.g., a zeolite layer) and advances the char-
acterization and identification of strain-weakening layers (e.g., weak layers) in deposits of submarine fail-
ures by integrating petrophysical and microscopic methodologies (Chapter 3). The weak layer in the up-
per landslide TSL-1 is the result of mechanical deformation as revealed by the peculiar microfabric in 
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samples from this weak layer. We believe that most strain from recurring creeping events has been ac-
commodated in this ~4 m thick weak layer. Although dissociation of gas hydrate was hypothesized to be 
linked to the creeping behavior of the TLC, no evidence of gas hydrate was found within the TLC inter-
val. Nevertheless, evidence of free gas in the vicinity of the TLC (Gross et al., 2018) warrants that epi-
sodic gas accumulation below the weak layer could precondition or facilitate periods of creeping in this 
submarine landslide.  
Finally, this dissertation presents the first documented attempt to predict the sealing quality of 
MTCs and MTDs using a multi-scale methodology that synthesizes more than a decade pf research in the 
topic. We provide insights into some first-order principles controlling the seal quality of mass failure de-
posits and compile field examples globally where mass failure deposits are reported as effective seals. We 
acknowledge that the proposed methodology is not foolproof, however it offers a systematic approach to 
characterize intrinsic features of MTCs and MTDs that impact their ability to transmit fluids in the sub-
surface. This work challenges the prevalent paradigm about the inability of submarine failure deposits to 
act as effective seals. However, we demonstrate that the formation of an effective seal by these deposits 
does not depend on a single factor and integration of datasets at different scales is required to predict their 
ability to seal hydrocarbons. 
5.2 Final Conclusions 
• Sufficiently well exposed outcrops of MTDs can be divided from proximal to distal into three 
“morphodomains” (i.e., headwall, translational, and toe) based on the dominant strain structures 
and degree of obliteration of the primary sedimentary structures. 
• The bsz of an MTD is a zone of localized strain that forms syndepositional during the emplace-
ment of submarine failure and provides insights into flow transformations of gravity flows. 
• Samples near the bsz exhibit strong bimodal grain size distribution which are distinct from those 
of hemipelagic mudstones and well-sorted turbidites. 
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• The high sedimentation rate (~2 mm yr-1) during the Late Miocene in the Taranaki Basin likely 
preconditioned the slope for submarine failures but was not probably the sole trigger of the Ra-
panui MTD. 
• Results from the Rapanui MTD show that presence of rafted blocks provides preferential path-
ways for fluid migration. 
• Weak layers in other submarine landslides evidently result from compositional heterogeneities 
(e.g., a zeolite layer); however, mechanical deformation can also be the primary cause for the for-
mation of a weak layer as evidenced by the Tuaheni Submarine Landslide-1 (TSL-1) of the Tua-
heni Landslide Complex (TLC). 
• The formation of microscopic “clay bridges” account for the reduction of shear strength in the 
weak layer of the TSL-1. This has further implications for future creeping events or reactivation 
in the TSL-1 along the weak layer. 
• Gas hydrate dissociation is not the responsible mechanism of the inferred creeping deformation in 
the TLC. 
• Mass transport complexes (MTCs) and deposits (MTDs)—both referred to here as submarine fail-
ure deposits—can create effective seals for oil or gas accumulations in certain conditions and 
need to be assessed in a case-by-case basis. 
• Shelf-attached submarine failure deposits have a higher seal risk compared to slope-attached or 
detached-submarine failure deposits. 
• The translational domain in MTCs and MTDs seems the best location to form effective sealing 
facies. 
• Clay/silt ratio is an essential property controlling the seal quality of submarine failure deposits. 
• Shear strain during emplacement of submarine failure deposits can increase clay fabric and de-
stroy large pore throats, hence improving their seal capacity even at relatively shallow burial 
depths (<2,000 m).  
